BNL-52674
Formal Report

Proceedings of RIKEN BNL Research Center Workshop Volume 41

Hadron Structure from
Lattice QCD

March 18 - 22, 2002

Organizers:

T. Blum, D. Boer, M. Creutz, S. Ohta, and K. Orginos

RIKEN BNL Research Center

Building 510A, Brookhaven National Laboratory, Upton, NY 11973-5000, USA



DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United
States Government. Neither the United States Government nor any agency thereof, nor
any employees, nor any of their contractors, subcontractors or their employees, makes
any warranty, express or implied, or assumes any legal liability or responsibility for the
accuracy, completeness, or any third party’s use or the results of such use of any
information, apparatus, product, or process disclosed, or represents that its use would
not infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof or its contractors or subcontractors.
The views and opinions of authors expressed herein do not necessarily state or reflect
those of the United States Government or any agency thereof.

Available electronically at-
http://www.doe.gov/bridge

Available to U.S. Department of Energy and its contractors in paper from-

U.S. Department of Energy

Office of Scientific and Technical Information
P.O. Box 62

Oak Ridge, TN 37831

(423) 576-8401

Available to the public from-

U.S. Department of Commerce
National Technical Information Service
5285 Port Royal Road

Springfield, VA 22131

(703) 487-4650

@ Printed on recycled paper


http://www.doe.gov/bridge

Preface to the Series

The RIKEN BNL Research Center (RBRC) was established in April 1997 at
Brookhaven National Laboratory. It is funded by the "Rikagaku Kenkyusho"
(RIKEN, The Institute of Physical and Chemical Research) of Japan. The Center is
dedicated to the study of strong interactions, including spin physics, lattice QCD,
and RHIC physics through the nurturing of a new generation of young physicists.

During the first year, the Center had only a Theory Group. In the second
year, an Experimental Group was also established at the Center. At present, there
are seven Fellows and eight Research Associates in these two groups. During the
third year, we started a new Tenure Track Strong Interaction Theory RHIC Physics
Fellow Program, with six positions in the first academic year, 1999-2000. This
program has increased to include ten theorists and one experimentalist in the
current academic year, 2001-2002. Beginning this year there is a new RIKEN Spin
Program at RBRC with four Researchers and three Research Associates.

In addition, the Center has an active workshop program on strong interaction
physics with each workshop focused on a specific physics problem. Each
workshop speaker is encouraged to select a few of the most important
transparencies from his or her presentation, accompanied by a page of explanation.
This material is collected at the end of the workshop by the organizer to form
proceedings, which can therefore be available within a short time. To date there are
forty-two proceeding volumes available.

The construction of a 0.6 teraflops parallel processor, dedicated to lattice
QCD, begun at the Center on February 19, 1998, was completed on August 28,
1998.

T.D. Lee
August 2, 2001

*Work performed under the auspices of U.S.D.O.E. Contract No. DE-AC02-98CH10886.
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Hadron Structure from Lattice QCD

Introduction

The RIKEN BNL Research Center workshop on “Hadron Structure from Lattice QCD”
was held at BNL during March 11-15, 2002. Hadron structure has been the subject of many
theoretical and experimental investigations, with significant success in understanding the
building blocks of matter. The nonperturbative nature of QCD, however, has always been an
obstacle to deepening our understanding of hadronic physics. Lattice QCD provides the tool
to overcome these difficulties and hence a link can be established between the fundamental
theory of QCD and hadron phenomenology. Due to the steady progress in improving lattice
calculations over the years, comparison with experimentally measured hadronic quantities
has become important. In this respect the workshop was especially timely. By providing an
opportunity for experts from the lattice and hadron structure communities to present their
latest results, the workshop enhanced the exchange of knowledge and ideas. With a total
of 32 registered participants and 26 talks, the interest of a growing community is clearly
exemplified.

At the workshop Schierholz and Negele presented the current status of lattice computa-
tions of hadron structure. Substantial progress has been made during recent years now that
the quenched results are well under control and the first dynamical results have appeared.
In both the dynamical and the quenched simulations the lattice results, extrapolated to
lighter quark masses, seem to disagree with experiment. Melnitchouk presented a possible
explanation (chiral logs) for this disagreement. It became clear from these discussions that
lattice computations at significantly lighter quark masses need to be performed.

Recently, much work has been done using chiral perturbation theory (quenched, and
partially quenched) in an attempt to connect the lattice calculations of hadronic matrix
elements with the physically interesting light quark regime. Ji, Chen, and Savage gave very
instructive talks on their latest results regarding this topic.

Apart from talks on structure functions and parton distribution functions (see also the
talk by Sasaki), which mostly pertain to the structure of the lightest baryons, a review of the
current status of the excited baryon spectrum on the lattice was given by Richards. Michael
presented results on mesons, in particular flavor singlet and exotic mesons.

On the first day, Brodsky and Sterman reviewed theoretical developments in hadronic
physics. Their talks where particularly stimulating by drawing attention to some limitations
of current lattice techniques (see also the talk by Boer).

Furthermore, there were talks on topological features of lattice QCD (Liu, Blum) and of
hadrons (Faccioli). Some more technical lattice talks were presented, especially regarding
new developments in the use of domain wall fermions (Orginos, Izubuchi), the Schrédinger
functional scheme (Palombi, Aoki) and nonperturbative renormalization (Dawson, Aoki,
Rakow). Brower presented the modern picture of CFT/AdS duality and compared the AdS
glueball spectrum for strong coupling QC D, with the existing lattice data.

Finally, Ogawa and Goto presented experimental progress concerning the measurements



of gluon polarization and quark transversity at RHIC and KEK, which will allow for com-
parisons to existing and future lattice evaluations of those quantities.

All in all, the workshop has been a great success. The organizers are grateful to all the
participants who came to the Center, and who contributed to the success of the workshop
with their interesting talks, which stimulated lively discussions. We would also like to thank
Prof. T.D. Lee and the RIKEN-BNL Research center for their encouragement and generous
support. Last but not least, sincere thanks to Pamela Esposito for her invaluable help in
organizing and running this pleasant workshop.

Tom Blum
Daniel Boer
Mike Creutz
Shigemi Ohta
Kostas Orginos



G. Schierholz
Deutsches Elektronen-Synchrotron DESY




Summary

The lattice formulation of QCD is at present the only known way
of obtaining low-energy properties of the theory without any model
assumptions. My group, the QCDSF collaboration, has been actively
involved for the last few years in determining moments of the polarized
and unpolarized structure functions of the nucleon.

The moments of the polarized structure functions turn out to be in

good agreement with experiment. Let me give two examples: On p.

6 | show the axial vector coupling of the nucleon g4, i.e. the lowest

moment of g, and on p. 7 | show ds, the twist-3 contribution to the
1 2 2

moment [, dx x“ga(x, Q).

To compare the lattice results with the experimental numbers, one
must extrapolate the data from the lowest calculated quark mass to
the physical value. While a simple, linear extrapolation seems to work
well in the polarized case, it overestimates the experimental number
by 40% in case of (x), suggesting that important physics is being
omitted. On p. 3 | show the lattice data for quenched QCD, and on
p. 4 for the full theory. There is not much difference between the
two cases. '

The chiral effective theory (p. 3) suggests that the nucleon’s pion
cloud gives rise to non-analytic terms which may result in a large
deviation from linearity at quark masses much smaller than probed up
to now in lattice calculations. Preliminary results of a recent study
in the quenched approximation on large lattices and very small pion
masses (about twice as large as the physical pion mass) indicate (p.
5) that this might indeed be the case.



Heavy baryon chiral perturbation theory:
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True chiral behavior ?
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including the {w
A ~ 350 MeV. /

Lesson: To make contact with chiral perturbation theory, one will
in general have to do simulations at dynamical quark {pion) masses
of m =~ 20 MeV {(m, s 300 MeV}, so that the parameters of the
non-linear expansion are well determined by the lattice calculation.
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1 Introduction

In this talk I will briefly discuss some features of light-front quantization methods for
nonperturbative QCD in comparison with traditional lattice methods. Some of the
novel features and new directions are illustrated in the accompanying transparencies.

A central focus of non-perturbative light-front methods in QCD is the set of light-

front Fock state wavefunctions ¥ (z;, k; 1 A;), which represent a hadron in terms of

-+ z
its quark and gluon degrees of freedom [1]. Here z; = L 524-_% is the boost-
PT PUTP

invariant light-cone momentum fraction with > % ; z; = 1. The A; represent values of
the spin-projections S? of the constituents. In principle, the light-front wavefunctions
of hadrons can be computed by diagonalizing the QCD Hamiltonian Hjr quantized
at fixed 7 = t + z/c in light-cone gauge A* = 0 [2]. The set of 1 wavefunctions
are then obtained as the projections of the hadron’s eigenstate on the n— particle
Fock states. Remarkably, the light-front wavefunctions are frame independent; i.e.,
independent of the hadron’s total momentum P* and P,. Given these amplitudes,
one can calculate many hadronic processes from first principles. The sum of squares
of the light-front wavefunctions give the quark and gluon distributions gg(z, Q) and
gu(z, Q) at resolution @, including all spin measures and correlations, as well as
the unintegrated distributions gg(z, k) and gy (z, k1) controlling inclusive reactions.
Form factors and exclusive weak decay matrix elements have exact representations.
Similarly, the deeply virtual Compton amplitude yp — ~p’ can be expressed as overlap
integrals n = n/,n = n'+4 2 of the initial and final light-front proton wavefunctions [3].
The hadron distribution amplitudes ¢ (z;, Q) which control hard exclusive processes,
including exclusive B decays, are the transverse momentum integrals of the lowest
particle number valence Fock state wavefunction [4].

The light-front quantization of QCD can be carried out with rigor using the Dirac
method to impose the light-cone gauge constraint and eliminate dependent degrees
of freedom [5]. Unlike the case in equal time quantization, the vacuum remains
trivial. One can verify the QCD Ward identities for the physical light-cone gauge and
compute the QCD g function. Recently, Srivastava and I [6] have extended the light-
front quantization procedure to the Standard Model. The spontaneous symmetry
breaking of the gauge symmetry is due to a zero mode of the scalar field rather than
vacuum breaking. The Goldstone component of the scalar field provides mass to the
W* and Z° gauge bosons as well as completing its longitudinal polarization. The
resulting theory is free of Faddeev-Popov ghosts and is unitary and renormalizable.

The light-front Hamiltonian has been diagonalized for a number of 1 + 1 theories
including QCD(1+1) [7] and supersymmetric theories [8] using the discretized light-
cone quantization (DLCQ) method, which discretizes the momentum variables k} =
gfni, Pt = %’K with 3 n; = K truncates the Fock space, while retaining the essential
Lorentz symmetries of the theory. The continuum limit is approached as the harmonic
resolution K — oo Model 341 theories are also being solved using DLCQ and Pauli-
Villars fields as regulators [9]. A new Pauli-Villars regularization method for QCD



has been developed by Franke et al. [10].

Thus light-front quantization of QCD can provide a rigorous alternative to lattice
methods. It provides nonperturbative solutions to the hadronic bound state and con-
tinuum solutions to the spectrum and the corresponding wavefunctions in Minkowski
space. There are no fermion-doubling problems or finite-size effects. However, the
diagonalization of the LF Hamiltonian is computationally challenging for QCD, an
area which could greatly benefit from the expertise and computer technology of the
lattice community. A possible alternative is to use variational methods to minimize
the expectation value of the light-front Hamiltonian. The trial wavefunction can
be constrained by noting that the numerator structure of the individual Fock state
wavefunctions are largely determined by the relative orbital angular momentum and
J? conservation. Ladder relations relate Fock states differing by one or two gluon
quanta [11]. Other alternative methods have been developed including the transverse
lattice which combines DLCQ(1+41) with a lattice in transverse space {12, 13, 14].

The light-front partition function, summed over exponentially-weighted light-front
energies, has simple boost properties which may be useful for studies in heavy ion
collisions [15].

One of the important tests of Lorentz invariance is the vanishing of the anomalous
gravitomagnetic moment B(0) for any spin-half system,; i.e., the ratio of the spin pre-
cession frequency of a particle to its Larmor frequency is exactly 2 if the magnetic field
is replaced by a gravitational field. This is a consequence of the equivalence theorem
of general relativity [16]. The B(g?) form factor is defined from the spin-flip matrix
element of the energy momentum tensor. Hwang, Ma, Schmidt and I have shown that
>7 B;(0) = 0, Fock state by Fock state, in the light-front representation [17]. It is
an important challenge to lattice gauge theory to verify B(0) = 0 for a proton, since
any nonzero result will provide a diagnostic of finite lattice size and other systematic
€ITOrs. _

The light-front method also suggests the possibility of developing an “event ampli-
tude generator” by calculating amplitudes for specific parton spins using light-front
time-ordered perturbation theory [18]. The positivity of the k¥ light-front momenta
greatly constrains the number of contributing light-front time orderings. The renor-
malized amplitude can be obtained diagram by diagram by using the “alternating
denominator” method [19] which automatically subtracts the relevant counterterm.
The resulting amplitude can be convoluted with the light-front wavefunctions to sim-
ulate hadronization and hadron matrix elements.

Recently, Hoyer, Marchal, Peigne, and Sannino and I [20] have challenged the
common view that structure functions measured in deep inelastic lepton scattering
are determined by the probability of finding quarks and gluons in the target. We
show that this is not correct in gauge theory. Gluon exchange between the fast,
outgoing partons and target spectators, which is usually assumed to be an irrele-
vant gauge artifact, affects the leading twist structure functions in a profound way.
This observation removes the apparent contradiction between the projectile (eikonal)



and target (parton model) views of diffractive and small Zgjorken Phenomena. The
diffractive scattering of the fast outgoing quarks on spectators in the target in turn
causes shadowing in the DIS cross section. Thus the depletion of the nuclear structure
functions is not intrinsic to the wave function of the nucleus, but is a coherent effect
arising from the destructive interference of diffractive channels induced by final state
interactions. This is consistent with the Glauber-Gribov interpretation of shadowing
as a rescattering effect.

It is an interesting question whether the moments of structure functions obtained
from lattice gauge theory can account for the nuclear shadowing phenomenon, con-
sidering that shadowing depends in detail on the phase structure of diffractive and
deep inelastic scattering amplitudes.

Recent measurements from the HERMES and SMC collaborations show a re-
markably large azimuthal single-spin asymmetries Ay, and Ayr of the proton in
semi-inclusive pion leptoproduction v*(¢)p — 7X. Recently, Dae Sung Hwang and
Ivan Schmidt and I [21] have shown that final-state interactions from gluon exchange
between the outgoing quark and the target spectator system lead to single-spin asym-
metries in deep inelastic lepton-proton scattering at leading twist in perturbative
QCD; i.e., the rescattering corrections are not power-law suppressed at large photon
virtuality Q2 at fixed zs;. The existence of such single-spin asymmetries requires a
phase difference between two amplitudes coupling the proton target with J7 = :I:% to
the same final-state, the same amplitudes which are necessary to produce a nonzero
proton anomalous magnetic moment. We show that the exchange of gauge parti-
cles between the outgoing quark and the proton spectators produces a Coulomb-like
complex phase which depends on the angular momentum L? of the proton’s con-
stituents and is thus distinct for different proton spin amplitudes. The single-spin
asymmetry which arises from such final-state interactions does not factorize into a
product of distribution function and fragmentation function, and it is not related to
the transversity distribution dg(z, @) which correlates transversely polarized quarks
with the spin of the transversely polarized target nucleon. These effects highlight the
unexpected importance of final and initial state interactions in QCD observables.
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FIG. 18.  The parallel-helicity, one-boson amplitude éﬁéﬂfn‘o}'a&: a funetion of lonpitudinal

riomentum fraction ¥ end one transverse momenturn component g, in the g, = 0 plane. The
parameter values are K =29, Ny =7, M= p, A% =504, g = 1002, 43 = 204, 1§ = 3042, and
(6% (0):) = 0.95.

FIG.14. Same as Fig. 13 but for antiparallel bare helicity.
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Factorization, Local and Nonlocal Operators

George Sterman
C.N. Yang Institute for Theoretical Physics, SUNY Stony Brook, Stony Brook, NY 11793-3840

Hard-scattering cross sections for the production of a final state F characterized by a
single hard scale M can be written in factorized form, as the convolutions of a perturbative
function & with parton distributions:

Carpoc(M) = 3¢50 (%, ur) ® bi/(&, ir) ® Bivjmron (0, 2’0, M) (1)
ijk
The parton distributions ¢ are determined in QCD by correlation functions with operators on
the light cone,

buia(@) = [ e Pgtyr) [Pes (19 [ 4%00)) | P01P)

If the process has only a single hard scale, corrections to Eq. (1) are down by a power, and
nonperturbative information is carried almost entirely in the parton distributions for these
observables. Lattice calculations are able to provide first-principles calculations of low moments
of the distributions [1], and progress has been made in this direction.

Processes with two scales: M > m > Aqop provide a wider variety of corrections. A
well-studied example is the Drell-Yan cross section for lepton pairs of mass @ at fixed pair
transverse momentum Q7. In this case, we may factorize the cross section in terms of parton
distributions at measured parton transverse momentum, ‘

— 72
Payalebe) = [ FoTdber P s (Plgy(0, 7, 32 TasGIP)
where the fields are now spacelike separated. At low Qr, the cross section may be thought of as
a convolution of resummed perturbative and nonperturbative functions. The nonperturbative
component may be analyzed in impact parameter space, Wyp(b) = [ (§w§3 et @r one(Qr) -
The logarithmic dependence on b of the function Wyp exponentiates [2] with a well-defined
dependence on @ [3],

In Wyp(b) =1In (gg) /0 ig [@1('50) fioh?) — 2®4(ic) (1 - e“i”bz)] :
Here the functions ® can be determined on the lattice from nonlocal vacuum correlations at
spacelike separations [4]. Considerations of this kind could lead to additional applications of
lattice calculations to high energy cross sections.
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Chiral Aspect of Parton Physics

Xiangdong Ji (University of Maryland)

. Meson cloud models of the nucleon has been used in the last thirty years to

explain the electromagnetic form factors of the nucleon (particularly neutron

charge radius), the strange content, the sea quark distributions, the EMC effects

(modifications of the parton distributions in the nuclear environment) etc.

However, the theoretical basis of the description has been unclear.

. We have found an effective field theory approach to understand the meson cloud

structure of the nucleon. In particular, we now have a formalism to study the

quark distributions in the nucleon through the meson cloud contributions. The

approach starts from the twist-two operators of QCD. We match these operators

to the operators of the same quantum numbers in the chiral effective theory. The

matching process is an Operator Expansion that separates the Goldstone boson

physics from physics at hadron mass scale.

. Using the above approach, we have calculated

a. The leading chiral contribution to the difference between up and down
quark seas in the nucleon.

b. The leading chiral contribution to the unpolarized, parton helicity,
transversity distributions.

¢. The leading chiral contribution to the spin structure of the nucleon.

d. The leading chiral contribution to the gravitational form factors of the
nucleon

. The above results are useful to

a. Extrapolate the lattice QCD calculations at large quark masses to physical
ones.
b. Understand the chiral structure of the nucleon.
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Transversity measurements at RHIC and KEK

OGAWA, Akio
Pennsylvania State University / Brookhaven National Laboratory / RBRC’
Upton, NY, 11973-5000, U.S.A

The transversity is the last missing part among the 3 quark distributions at the
leading twist. While helicity average and difference distributions were well measured
by DIS, helicity flip distribution is harder to access due to it’s chiral odd nature. To
complete measurements of transversity, few different processes has to be measured
in polarized proton collisions(BNL-STAR/PHENIX), polarized DIS (DESY-Hermes,
CERN-Compass) and electron positron collisions (KEK-Belle).

From polarized proton collision double transverse spin asymmetries ArT" of Drell-
Yann or di-jets measurements gives unique direct measurements of transversity. But
the asymmetries are small, and only future RHIC upgrade may enable us to reach
this channel.

Both polarized proton collisions and also polarized DIS have access to transversity
through looking at azimuthal asymmetries in jet fragments [5] [6], if there is non-zero
chiral odd spin dependent fragmentation functions, which is refereed as Heppelmann-
Collins effects [2]. In unpolarized electron positron collisions [1], one can measure
these chiral odd fragmentation functions, such as the Hepplemann-Collins function C
[2] or two pion interference fragmentation function g7 [3] [4]. Combining these results
will give a measurement of Transversity. A small group of people from RHIC spin,
including Matthias G. Peedekamp and myself, was accepted to the Belle collaboration
to carry out the extraction of these fragmentation ‘functions.

It also has been discussed [9] that the single spin asymmetries Ay measured by
FermiLab E704 [7] and AGS E925 [8] can be understood in terms of the Collins
effect. At the first polarized proton run at RHIC, STAR and PHENIX have started a
measurements of Ay in different kinematics regions, and results are to be come out.

References
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“Complete” Transversity Measurements

Polarized pp - RHIC Star/Phenix/Phobos (BNL)
n" 7 Interference Fragmentation : A, (p L tp—je(nt . m )+ X )@ &]&'j

L
Collins Effect : A, (p, +p — jet(h) + X )& 6g5C
Drell Yan: A (p,p, »ll)< 6q-6g

.
[ ]
1]
[
&

L J

Inclusive hadron: A,(p,p— h) & O C3+ 2 other terms
Polarized DIS - Hermes(DESY) Compass(CERN) cRHIC Tesla-N

Collins Effect : A, (Ip, > l+2+X) & éq'i;C‘:I' |
7”7 Interference Fragmentation : A, (lp L > Jje(n )+ X ) S0 ;5@, -

.-"

e+e- collider - Belle (KEK) Babar LEP...

e'e” = dijet =T

Tensor Charge Lattice calculations - RBRC ....
éz — éu + éd + éS — O 56 i 009 S. Aoki, M. Doui, T. Hatsuda and Y. Kuramashi Phys.Rev. D56 (1997)433
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STAR Forward Pion Detector

FPD event, Run 1583, event 89 blnga 0.0158 0.0157 Gev*
bl 8/ e | -~ ogdas

Chal: z
[ - [
2 400 2 400
g0k g
Hm : 4300
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oucoaSRBES

2 LY
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350 |- Centroid 02,1330
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Online Results :

1% reconstruction

« 7 5m > 150
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-2m -+2m

Trigger Counters

[7(0 ,TY, n Sa\mese]

PT Y‘anje.' 0.0 +» 0.3 Q&V&

Not to Scale 7‘\F Yahag.’ 0.2 +o O,F:Hs(n : ﬁ;;shoWer



(43

Conclusion

e RHIC 1s the first polarized pp collider
e Just finished the first successful run
e Single spin asymmetries Ay are on the way out
e at STAR FPD (and also mid rapidity)
e at 12 o’clock zero degree

e RHIC (and pol DIS) will measure Transversity
e with fragmentation function from e*e- (Belle)
* with Ay from DY / Jets (Luminosity upgrade needed)

 Belle will extract Heppelmann-Collins FF and Interference FF
e RHIC spinners are working on it!
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Helicity Distributions at RHIC
Yuji Goto

RIKEN BNL Research Center

‘We measure the gluon helicity distribution and flavor-decomposed quark helicity distributions
at RHIC. This is done by measuring the double longitudinal-spin asymmetry (Arz) and parity-
violating single longitudinal-spin asymmetry (Ar) with longitudinally polarized proton collisions. In
the last polarized proton collision run (2001-2002), we performed just transversely polarized proton
collisions. The longitudinally polarized proton collisions will be performed in the next polarized
proton collision run.

One big motivation of the helicity distribution measurements at RHIC is so-called “spin crisis”
which was found by polarized DIS experiments. In their measurements with polarized lepton beams
on polarized nucleon targets, the quark spin contributes only 10-20% of the proton spin 1/2. The
remaining fraction must be explained by the gluon spin and the orbital motion. The DIS experiments
measure just the quark contribution in the leading order. The contribution of gluon is measured by
using next-to-leading order processes, and it shows large uncertainties.

The polarized proton collisions at RHIC enable us to measure the gluon contribution to the
proton spin 1/2 with the leading order processes like the gluon Compton process in the prompt
photon measurement or the gluon fusion process in the heave-flavor production measurement. By
using various channels of the gluon helicity distribution measurement, the RHIC polarized proton
collision program shows excellent performance with wide z-range coverage.

The flavor decomposition of the quark helicity distribution will be performed at RHIC with
W+ production as a major channel. This has no fragmentation ambiguity, although the z-range is
limited. It is a complementary measurement to the semi-inclusive DIS measurement which covers
wide z-range but shows limited sensitivity to the flavors.
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Helicity distributions at RHIC

¢ By A;; or 4; measurement
— double longitudinal-spin asymmetry

s do, —do,_
LL
do,, + do,_ parallel
— parity-violating asymmetry
do —do anti-parallel
AL ——F -
do,+do_

— with longitudinally polarized proton collisions
— 1un3 (2002-2003) at RHIC !?

=> Gluon helicity distribution
=> Flavor-decomposed quark helicity distribution

— x-distribution in limited x-region

March 18, 2002 Yuji Goto (RBRC) 2

Proton spin 1/2
s Proton spin 1/2 by polarized DIS experiments |
— the quark helicity distribution contributes only 10-20% of the proton spin 1/2

lepton beam

L sing+r " Fore
2 2 ~

2o &
A =0.1~02 nucleon target

quar

~ contribution of the gluon helicity distribution — next-to-leading order
* (?-evolution (global analysis by SMC group)

Ag =1.055(stat) g5 (sys) g5 (th) (O =1GeV?)

* photon-gluon fusion process lepton beam
- HERMES, COMPASS >or<

S
» Sor & gluon
nucleon target

March 18, 2002 . Yuji Goto (RBRC)
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Proton spin 1/2

s Proton spin 1./2 by polarized proton beam
proton collisions S or € |
o . . on
— contribution of the gluon helicity @‘3‘@\11
distribution — leading order hoton
 prompt photon production — Sor &
gluon Compton proton beam
g9 >4y
¢ heavy flavor production — gluon proton beam %
fusion
— 2or € T
gg —>cc,bb gluon "y ——
| heavy flavo
gluol) ces6*—>——
2 or & 66&
proton beam
March 18, 2002 Yuji Goto (RBRC) 5

Proton spin 1/2

s Proton spin 1/2 by polarized proton collisions

— contribution of the flavor-decomposed quark helicity distribution
* W production
— decomposition selected by chirality Zg

U
» neutral/charged pions
— decomposition weighted by the fragmentation function
— other contributions
* orbital angular momentum
* higher-twist effect
* kypeffect
* transversity

March 18, 2002 Yuji Goto (RBRC)
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Gluon helicity distribution

e Prompt photon production g q
— gluon Compton process dominant 89 —> 4V
* clear interpretation q Y

* Ag(x,) — gluon polarization

measurement in the polarized W. Vogelsang et al

proton collision ° 03 e
. 1 . Vs=200GeV ] Vs =500GeV
— double longitudinal-spin R0 ngl <035 | m=04, Inyl <035
asymmetry © ozorsv MAX& 1
: Ag(x,,0%) : s 1
_ g° P 2 * <]
Ay (pr)=— I (xq:Q )-a;(cos@) T : GRSV MAXg
8(x,,0%) ol omsvsm | TETEATEL
LS GRSVSTD .
A SRR IR IR ) ! <
A[”(xquZ) = F]p(x‘l’Qz) - lz:ez oy QZ)
L T 4% o 0.0 -ji*. %
i=ui,d,d,s,5,..
10 2'0 3'0 4‘0 50 2'0 C-SlO ;1'0
Pr, (GeV/c) Pp, (GeV/c)
March 18, 2002 - Yuji Goto (RBRC) - -7

Gluon helicity distribution

* Prompt photon production

— PHENIX inclusive y
— STAR ytjet
PHENIX STAR by Les Bland
h= F /ﬂ_“ ] T 3 | T T T T T
VT e GS9SNLOGA) :56 - ' GS- A
05 | 3 R |
T <
i o _ e [ e k.. « S
04 F | . 38 i
; \/S—SOOGeV__i - \/S—ZOOG@V 3 :
*p 800pb? ‘ é Ih/s_sooeev
0.2 — _ g 1----- B
= gi::&z:::;ss:z; | g [ Bs=200Gev
Rl st ot U = ._'—_1 Taput Ag(x)
e . L O.]_ 1 1
’ x 0.01 0.1

Reconstructed xgluon
March 18, 2002 o YUJI Goto (RBRC) :
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Gluon helicity distribution

* RHIC spin is the best measurement among currently
running experiments, even only with 1 exp. & 1 chan.

o
S | e
Sos| COMPASS
- 2.0fb-1i
o6 [ RHIC STAR

yijet 320 pb-1

-0.4 -
i i 2 L a, PR TR Y T, | 1 )
&) -1
10 10 X
Lo . gluon
March 10, cvuz rujruuw N ' 14

Flavor-decomposed quark helicity distribution
PHENIX by Naoito Saitc

1.0 —
& [ RHICppVs=500GeV
'« W production < | JLa= 500 pb :
— parity-violating asymmetry 4, | AL W) . '>/ '
) 0.5 - -
AW+ — Au(xa)c_i(xb) —ik[ (xa)u(xb) ! .~ .
u(x,)ds,) + () __—— oy
- #—#-‘#---zz—- ______
— PHENIX Muon Arms 0
— STAR Endcap Calorimeter
provides similar sensitivity
— A;~Au/u(x)~0.7-0.9 at large-x 05
[— GS95LO(A)
| ——— BS(Ag=0)
-1.0 . e
16 10"
X

March 18, 2002 “Yuji Goto (RBRC)
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Flavor-decomposed quark helicity distribution

e W production

— no fragmeritation ambiguity

~ x-range limited

. » complementary to HERMES

semi-inclusive DIS
— wide x-range

~ limited sensitivity to sea flavors

"March 18, 2002

« Helicity distributions at RHIC
— gluon helicity distribution
= prompt photon, photon+jet

s jet, jetHjet

1.0 s

- RHIC pp Vs = 500 GeV
JLdr =800 p&!

Aff

0.5 (All Data by Aug. 2000)

\\ |
# HERMES Semi-Inchisive % 1}27/ d

“Yuji Goto (RBRC)

2 ,
| 0= M
| e GS95LO(A) 8
——— BS(Ag=0 \4
-1.0 .
1072 10!
P
16
12 X PHENIX
2 S i
= GS95
S 1R AGH4 Gevd, NLO -
O ooslL A —

"‘0.2 v 3 avapld /Wl IHL; 31 P I1L]e

0.001 0.01 0.1
X

* heavy flavor — electron, muon, e-p coincidence
— flavor-decomposed quark helicity distribution

» Wproduction

* neutral/charged pions/hadrons

s+ Longitudinally-polarized proton colhslons in run3 (2002-

©2003) 12

March 18, 2002

Yuji Goto (RBRC)
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Chiral Corrections to the Nucleon Parton Distributions

Jiunn-Wei Chen

Parton distribution functions are fundamental properties of the hadron,
however, currently they can only be computed directly from QCD on Euclidean
lattices. On lattice simulations, due to the limitation of computing resources,
quark masses heavier than their physical values and quenched approximations
are usually employed. In this talk, I address the issues of chiral extrapolations
and the quenching effects in hadronic parton distributions using effective field
theory approaches.

The moments of nucleon parton distributions are related to matrix ele-
ments of local operators (so called “twist-2” operators) in QCD and can be
simulated on lattices, at least for the first few moments. To study the quark
mass dependence of these matrix elements to aid chiral extrapolations, chiral
perturbation theory (xPT') is a natural tool to use. xPT is an effective field
theory of QCD. It captures the symmetries and the symmetry breaking pattern
of QCD around the zero quark mass limit and expands physical quantities in
power series of ~ m,/(1GeV). The machinery of computing matrix elements
of local operators is well developed in xPT. Xiangdong Ji and I have used this
approach to compute non-analytic quark mass dependence to several twist-2
matrix elements (see the following slides and Xiangdong’s talk).

The quenched and partially quenched effects usually used in lattice sim-
ulations can be studied using the corresponding effective field theories called
quenched and partially quenched yPT's. Martin Savage and I have worked
out the corresponding non-analytic quark mass dependence relevant for parton
distribution function simulations (see the following slides and Martin’s talk).

Finally I discuss the connection between the quenched approximation and
the 1/N¢ expansion. Again, using the effective field theory approach, I found
that in the mesonic sector, some low energy constants of the quenched xyPT
are the same as those in the unquenched case in the large N¢ limit.
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CONNECTING STRUCTURE FUNCTIONS ON THE LATTICE
WITH PHENOMENOLOGY

W. DETMOLD?!, W. MELNITCHOUK?, A. W. THOMAS!

1 Special Research Centre for the Subatomic Structure of Matter, and Department of Physics
and Mathematical Physics, Adelaide University 5005, Australia
2 Jefferson Lab, 12000 Jefferson Avenue, Newport News, Virginia 23606, USA

In this report we have highlighted the importance of model independent constraints
from the chiral and heavy quark limits of QCD in the extrapolation of lattice data
on parton distribution moments. Inclusion of the nonanalytic structure associated
with the infrared behavior of Goldstone boson loops leads to a resolution of a long-
standing discrepancy between lattice data on low moments of the spin-averaged
u — d distribution and experiment. ‘

The importance of ensuring the correct chiral behavior is further illustrated by
comparing the z distributions obtained by extrapolating the lattice data using a
linear and a chirally symmetric fit. While the latter gives an x distribution which is
in quite good agreement with the phenomenological fits, the linearly extrapolated
data give distributions with the wrong small-z behavior, which translates into a
much more pronounced peak at z ~ 1/3, reminiscent of a heavy, constituent quark—
like distribution. Our analysis suggests an intriguing connection between the small-z
behavior of the valence distributions and the m, dependence of meson masses on
Regge trajectories, which should be tested more thoroughly in future simulations
of the excited hadron spectrum.

Finally, we have highlighted the need for further study of moments of the helicity

~ distributions, and the axial vector charge of the nucleon in particular, which appears
to be underestimated in lattice simulations. The inclusion of the pion cloud of the
nucleon leads to .a larger discrepancy at the physical quark mass, indicating that
lattice artifacts such as finite volume effects may not yet be under control. Further
data on larger lattices, and at smaller quark masses, will be necessary to resolve
this issue.

References

1. 'W. Detmold, W. Melnitchouk, J. W. Negele, D. B. Renner and A. W. Thomas. Phys.
Rewv. Lett. 87, 172001 (2001).

2. AW Thomas, W. Melnitchouk and F.M. Steflens, Phys. Rev. Lett. 85, 2892 (2000).

3. W. Detmold, W. Melnitchouk and A.W. Thomas, Eur. Phys. J. direct C 13, 1 (2001).
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Structure Functions in Lattice QCD

Cannot calculate z-distribution, only moments

@) = [ doa”(ae) + (-1 7@))

where (z™) are matrix elements of twist-2
operators (twist = dimension — spin):

@) pur e Pupgr = AN Ogugepy 3N
where
O{Ml-"un+1} = Y Yp, Dpz Dypiq} ¥

On the lattice, operators transform according

to hypercubic H(4) subgroup of O(4)

—— because of operator mixing, only n < 3
moments can be calculated
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Chiral Symmetry and QCD

In limit mg — 0, QCD has exact
chiral SU(Nf)LxSU(N¢)p symmetry

Spontaneous breaking of chiral symmetry
—— appearance of pseudoscalar

Goldstone bosons (m, K)
Pions play important role at small m72r ~ Mg
—— expand observables in powers of my

(e.g. xPT)

Pion loops in xPT generate non-polynomial
terms which are non-analytic in mq
(odd powers of my or log my)

Coefficients of non-analytic terms are
model-independent
—— given in terms of g4 and fr
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e Lattice calculations employ mg > 30 MeV
—— need to extrapolate to physical Mg

e Mg dependence of observables
— constrained by xPT in mqg — O limit
Note: expansion may not converge
at large m !
—— constrained by heavy quark effective
theory in mg — o0 limit |

e Physics picture — source of 7 field is a
complex system of quarks and gluons
with finite size, A

— when my > A, 7™ loops suppressed,
hadron observables smooth in myq
( “constituent quark-like” behavior)

— when m, < A, rapid non-linear variation

—— transition occurs at myg ~ 500 MeV
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Chiral Extrapolation of SF Moments

Extrapolation formula for n-th moment of u—d:

ma

m%—{—mg

+ anm2|09< i )
T \m2 A p?

<mn>u~—d = an + bn

Detmold, WM, Negele, Renner, Thomas,
Phys.Rev.Lett. 87 (2001) 172001
hep-1at/0103006

Thomas, WM, Steffens,
Phys.Rev.Lett. 85 (2009) 2892
hep-1at/0103006

Coefficient of non-analytic term:

3g%—|—1
4m2 f2

Cn =— —Qan

calculated in chiral perturbation theory

Arndt, Savage, nucl-th/0105045
Chen, Ji, hep-ph/0105197
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extrapolation (dashed).

Detmold, WM, Thomas
hep-1at/0201288

Detmold, WM, Negele, Renner, Thomas,
Phys.Rev.Lett. 87 (2001) 172001

hep-1at/0103006
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x dependence and Regge Trajectories

e VWhat can lattice moments tell us about
r dependence of parton distributions?

e Typical parameterization of (non-singlet)

distributions (CTEQ, MRS, GRV)

z q(z) = a 2’ (1 —2)° (1 + ev/z + yz)

e Fit parameters b and ¢ to lattice data
using extrapolation formula
— quark distribution as function of my!

e Exponent b related to intercept of as
Regge trajectory
— relate mg dependence of masses of
1——, 27T, 3 ~, ... mesons to z — O
behavior of structure function moments!
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Moments of uy — dy distribution
extracted from lattice data (scaled by 37)

Detmold, WM, Thomas
Eur.Phys.J. C 13 (2001) 1
hep-1at/0108002
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x(uy (x)~d, (x))

L. avg. param.

i =% improved extrap.
08 } |
! —-—-— linear extrap. x 1/2 1
0.6 |
04 }
0.2 | |
0 ) , L ot
0.6 0.8

Extracted x(uy — dy) distribution

at the physical quark mass

Detmold, WM, Thomas
FEur.Phys.J. C 13 (2001) 1
hep-1at/0108002
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ao trajectory

Lattice data from UKQCD (at mg = my)

Detmold, WM, Thomas
Eur.Phys.J. C 13 (2001) 1
hep-1at/0108002



Chiral Symmetry with Overlap Fermions

by
Keh-Fei Liu

Dept. of Physics and Astronomy
University of Kentucky
Lexington, KY 40506

After a synopsis on overlap fermions I shall prestent some
results to show that the quark mass does not have additive
renormalization and the O(a”*2) error is small both in hadron
masses and in chiral Ward identity. The quenched chiral

logs and the hadron masses are studied on 204 lattice with
a=0.148 fm. I also use local chirality -and topological density
of the low-lying Dirac eigenmodes to study chiral symmetry
breaking and the scenario of the instanton liquid model.
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Chiral Symmetry with Overlap Fermions

e Synopsis of Overlap Fermions |

f\
¢ Axial Ward Identzty, Quark Mass, Scahng,:ﬁZ A, and fﬂ

¢ Quencﬁed Chiral Logs

e Hadron Masses, lioper Resonance

o Chiral Symmetry Breaking’Scéna,ﬁo via Instaritons
¢ Local Chirality

e Local Topology from Fermién Eigenmodes

Collaborators:

e Hadron Proputles
- 5.J. Dong, T. Dl&p@l 1. Horvath F.X. Lee, and J.B. Zhanff

o Local Chiral ity and Local Topology |
S.J. Dong, T. Draper, L. Horvath N. Isgur, F.X. Lee J. McCune, H.B. Thacker,
- and J.B. Zhang :

~Tall pressuted by Keh-Fei Liu at Brookhaveu Workshop on Hudron Structure from
Lattice QCL:. Mar. 19, 2002 .‘ '
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Z4 a,nd f,,Tr_ |

7, is determmed to the preczsmn of a fractlon of 1%.
From the a,}aal Ward 1dent1ty

| z&.}d‘ e ZmegZpP
‘and the relations Z,, aﬁd Zg = Zp valid for, ovella,p fermions; one-:
obtains the. non—pertmbatwe rei{@ﬂ"mahzatlon constant Z4 y

* . .'.elf G R — O’t
7, = lim ;’” Ul @? — )
' ' t—“}m Oy 442"(?7: 0 t) ;
. 2myGpp(p=0,1)
= lim

t—ro0 7/2~—G4Lp(p = O )

204 Lattice with Overlap Fermions

2 T T T T ]
19+ ' ' - .
s ; i
/ cif £
20 HeEE |
Nz (], nf%’ 17k .
_ t‘§ 1.6 |§é § i 1§73 3 ® 5 = 5 o B
e o x e
Zﬁ o g ../24 © ° ® @
5"’ 1.5 - _E. ® s @ -
wh ' ' ' -
13- 4
1.2 — ! , : ; | »
0 0.05 01 0.15 0.2 0.25 0.3

: moa
Z 4 v8 quark mass moa. T%e discretized partial
derivative induces a discretization error (for o)
Z 4 () is conspicuously flat as a function of mya
indicating that the O(a®) error from the action
“and the operators is small.

Fit to the form Za + bm2a?: Z4 = 1.589(4),b = 0.175(73), x*/DF = 0.30.
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S Ceton

Excited Baryon Spectroscopy
David Richards (JLab and LHP Collaboration)
Jefferson Lab.

e Baryons in Lattice QCD

e Negative-parity baryons and N*'s

e Mysteries - Roper resonance and A(1405)~
e Anisotropic action - preliminary

e Discussion

Work with M. Gockeler et al., hep-lat/0106022, PLB
(to appear)

Material from Wally Melnitchouk (CSSM and JLab)

NN
Zoson
C@UUg BNL ~ Mar. 2002



Excited Baryon Spectroscopy

The N* spectrum exhibits many features that are emblematic of QCD; that
they contain three valence quarks is a manifestation of SU(3) symmetry,
while the linearly rising Regge trajectories are evidence for a flux-tube-like
confining force. Finally, the fine and hyperfine structure reveals details of the
interquark interactions. Thus the study of the spectrum of excited nucleon
resonances has always been a vital component of the experimental hadronic
physics program, as typified by the Hall B experimental effort at Jefferson
Laboratory. In many respects the study of the N* resonances mirrors analo-
gous investigations of the hybrid meson spectrum, with the benefit that the
extra degrees of freedom in the baryon sector admit a far richer spectrum
than for mesons.

The observed excited nucleon spectrum already poses many questions.
There are “missing resonances”, predicted by the quark model but not yet
observed experimentally. Most strikingly, there is the so-called Roper reso-
nance, and the A parity partner, the A(1405), with anomalously light masses
suggesting that they may be “molecular” states, rather than true three-quark
resonances. Lattice gauge theory calculations have a vital role to play in re-
solving these questions.

There have been several recent calculations of the lowest-lying excited
nucleon masses, emphasising in particular the extent to which the parity
partners are accessible to lattice calculation. The LHPC/QCDSF/UKQCD
calculation (hep-lat/0106022, to appear in Phys. Letter B) using the O(a)-
improved clover fermion action in the quenched approximation to QCD finds
a splitting between the nucleon and its parity partner N*(1535) consistent
with experiment, after extrapolation to the continuum limit. All lattice cal-
culations find a mass for the first radial excitation of the nucleon far higher
than the Roper resonance, with a splitting between the radial excitation of
the nucleon and the N*(1535) comparable to that between the parity partner
and the nucleon. Recently, the CSSM has also shown that there is little evi-
dence for a A(1405)~ as a three-quark state (hep-lat/0202022). Thus lattice
calculations are already posing important phenomenological questions.

A more complete study of the spectrum will require the full panoply of
lattice technology: variational methods, anisotropic lattices and other noise-
reduction techniques, and the construction of better interpolating operators.
A preliminary study using the anisotropic clover action suggests that such a
technique can provide a important improvement in the signal-to-noise ratio.
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Motivation
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e Describing N* spectrum gives vital clues about dy-
namics of QCD and hadronic physics

— Role of excited glue
— Quark-diquark picture
— Quark interactions

c.f. Hybrids - except all J¥ states accessible to
quark model.

e N* spectrum important element of JLAB Physics.
e Open mysteries:

— Nature of Roper?

— NA(1405)7
— Missing resonances?
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Nucleon and Parity Partner

Continuum Extrapolations
M. GOckeler et al, hep-lat/0106022
EXxpress masses in units of rq:

| T T T
5+ "
@
i}
4 -
N(1535)
kQ 3 - ]
= =D
EZ _i = =D B3
L N(939) B
O Jacobi
1~ O Fuzzed —
oL ! | . | . | .
0 0.01 0.02 0.03 0.04
(arr,)

rg POOr scale for comparing with experiment

MN1/2—/MN1/2+ = 150(3) .

5% finite-size

10% discretisation
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N*(1/2%) states

CSSM Adelaide Lattice Collaboration

Melnitchouk et al. hep-1at/0202022

2.8 - . - . . : : :
S
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2 ?{21710’: ' . o
1.6 'xgg- o 1
% 1440 <
12 | Nt
[ 939+ ‘Nl* -NZ*
0.8 N 1 2 [} N 1 N 1 s .
0 0.2 04 0.6 0.8 1
2
mi (GeV?)

e NoO evidence of N*(1440) (Roper) state

e Evidence of mass splitting between the
N7(1/27) and N3(1/27) fields
(c.f. N*(1535) and N*(1650) mass splitting)

|
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2.8

2.4

M (GeV)

1.6

1.2

0.8

A*(1/2%) masses

CSSM Adelaide Lattice Collaboration

Melnitchouk et al. hep-lat/0202022

e NoO-evidence of overlap with A*(1405)
— strong nonlinearity as mg — 07

— more exotic interpolating fields required?
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Anisotropic Clover Lattices
LHPC, preliminary

Use finer temporal lattice spacing to extract signal over
more time slices

0.75 . . l ' ' ' '
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vN,
0.5 AN;IZ- N
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E o §A3/2-
o e - e 1/2-
£ = # <>N1I
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&= < 1
0 1 ! ! | ! ) L I
0 0.01 0.02
2
(at mTE)
® a,;‘l ~ 2 GeV
° a,;l ~ 6 GeV
o L, ~24Tm
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Study of Nucleon Light Cone Quark Distributions
in Quenched, Full, and Cooled Lattice QCD

John W. Negele
BNL Hadron Structure Workshop March 20, 2002

QOutline

Introduction and motivation
Aspects of deep inelastic scattering
Calculation of moments of structure functions on the lattice
Operators
Renormalization
Matrix elements
Source optimization
Consistency Checks
Results
Quenched
Full QCD
Cooled configurations and instantons
Chiral extrapolation

Summary and conclusions

BNL 02
89



Summary
e First calculation of moments of quark distributions in full QCD

e Close agreement between full QCD and quenched

e Linear extrapolation in m2

= serious disagreement with experiment

e Evidence that proper extrapolation with chiral logs
will yield consistent results for all moments

e Qualitative agreement between full QCD and
cooled gluons at small m,
=> instanton and zero-mode dominance

Future

e Systematic partially quenched chiral expansion
Measure parameters of effective chiral theory
Hybrid combination of staggered sea quarks and chiral valence quarks

e Disconnected diagrams
Exploit zero-mode dominance

Chiral fermions
Improve renormalization

Correction for fixed topology

e Finite volume corrections

Gluon matrix elements

Definitive Terascale calculations

BNL 02



Comparison of Quenched Calculations (cont.)

© i@— ______ — A== i
<1>, 3} —+-Quenched éMH) 1
T —# Quenched (QCDSF)
- e —=— * —em— -
$° T oz o4 ) 06 '2 s 1
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- ) —— -
To 0.2 04 06 o8 1
m_2, GeV?

| BNL 02
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Comparison of Full and Quenched QCD
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Qualitative Behavior from Instantons (cont.)
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Comparison with Other Calculations and Phenomenology

Connected QCDSF QCDSF Wuppertal = Quenched  Full QCD Phenomenology
M. E. (a =0) (3 pts) CE):

(x)u 0.452(26) 0.454(29)  0.459(29)

(z)q 0.189(12) 0.203(14)  0.190(17)

(2)u—a 0.263(17) 0.251(18)  0.269(23) 0.154(3)
(z%)y 0.104(20) 0.119(61)  0.176(63)

(x%)q 0.037(10) 0.029(32)  0.031(30)

(£2) g 0.067(22) 0.090(68)  0.145(69) 0.055(1)
(%) 0.022(11) 0.037(36)  0.069(39)

(x3)q —0.001(7) 0.009(18)  —0.010(15)

() y—a 0.023(13) 0.028(49)  0.078(41) 0.023(1)
(1) Ax 0.830(70)  0.889(29)  0.816(20)  0.888(80)  0.860(69)

(1) ag —0.244(22) -0.236(27) —0.237(9) —0.241(58) —0.171(43)

(L) Au-nd 1.074(90) 1.14(3)  1.053(27)  1.129(98)  1.031(81) 1.248(2)
() Au 0.198(8) 0.215(25)  0.242(22)

(z)Ad —0.048(3) —0.054(16) —0.029(13)

() Au—nd 0.246(9) 0.269(29)  0.271(25) 0.196(9)
(%) Au 0.087(14) 0.027(60)  0.116(42)

() Ad ~0.025(6) —0.003(25)  0.001(25)

() Au—na  0.112(15) 0.030(65)  0.115(49) 0.061(6)
Su, 0.93(3)  0.980(30) 1.01(8)  0.963(59)

d, —0.20(2) —0.234(17) —0.20(5) —0.202(36)

dy —0.206(18) —0.233(86) —0.228(81)

dg —0.035(6) 0.040(31)  0.077(31)




Physics Result — Chiral Extrapolation

e Long-standing puzzle: Linear extrapolation in m,
yields serious discrepancies

(x)y — (z)g ~ 0.24—0.28 (0.16)
gaA = <1>Au — <1>Ad ~10-1.1 (1.26)
e Resolution: Chiral extrapolation

Pion cloud is essential
(3942 +1)m2

hep-lat/0103006

(@™)u — (x")d ~ an {1 - (47 )2 1n<m2

m
o

I !

0.25

(u—d)

<X>

0.2

0.15

o 0.2 | 0.4 0.6
mﬂ2 (GeVv?)

Squares full QCD, circles quenched, p = 550M eV
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Instanton Contribution to the Hadronic Masses and Electro-Magnetic Formfactors.

Pietro Faccioli, E.V.Shuryak and A.Schwenk
Department of Physics and Astronomy State University of New York at Stony Brook/ Stony Brook, New York 11794, USA*

We report the recent results of our study of the instanton contribution to the mass and the electro-magnetic
formfactors of light hadrons, in particular of the proton and of the pion.

We begin by presenting a new method that allows to perform parameter-free calculations of selected hadronic
observables, in the semi-classical approximation of QCD [1]. Such a method has the advantage to use only results
that can be derived from first principles in QCD. It requires neither assumptions about the typical instanton size
and density, nor a parameterization of the instanton-instanton interaction. Therefore, all dimensional observables
obtained in this way are proportional to direct or inverse powers of Agep.

As a first application, we present a calculation of the pion and of the nucleon dispersion curves. We find excellent
agreement with experiment and show that instanton forces generate a light pion and a nucleon with realistic mass
(M, =39%£0.2 Ag‘éD).

Next, we analyze the instanton contribution to the pion electro-magnetic formfactor, in the kinematic region which
is being investigated at JLAB. This is obtained from a specific combinations of Green functions, in the mixed time-
momentum representation.

We show that, in the kinematic region Q* 2 1GeV?, the momentum exchange between quarks, which allows for
the recombination of quarks in the final pion state, is mediated predominantly by the field of a single instanton. Our
theoretical predictions are completely consistent with the monopole fit, which can be obtained from the vector domi-
nance model. Interestingly enough, such agreement continues up to very high space-like momenta (Q? ~ 10 GeV'?),
where the hadronic description breaks down. Our analysis shows that the instanton forces, which are particularly
effective in the pseudo-scalar channel, considerably delay the onset of the perturbative regime.

PR

REFERENCES

[1] P. Faccioli, “Parameter Free Calculation of Hadronic Masse_s‘ from Instantons”, hep-ph/0111322, to appear in
Phys. Rev. D. ‘ ) '

[2] P. Faccioli and E.V. Shuryak, “Proton Electro-Magnetic Formfactors in the Instanton Liquid Model”, hep-
ph/0108062, to appear in Phys. Rev. D .

[3] P. Faccioli, A. Schwenk and E.V. Shuryak, Instanton Contribution to the Pion Electro-Magnetic Formfactor ot
Q? > 1 GeV?”, hep-ph/0202027.

[4] P. Faccioli, A. Schwenk and E.V. Shuryak, Instanton Contribution to the Proton Electro-Magnetic Formfactors at
Q? > 1 GeV?”, in preparation.

*Electronic address: faccioli@tonic.physics.sunysb.edu
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Instanton contribution to the Pion E/M formfactor
P.Faccioli, A.Schwenk, E.V Shuryak hep—ph/0202027

Instanton contribution completely
consistent with the monopole it
(explained by VD) up to

(2= 10 GeVA2,
8 ° JLJ!;&’B:%;:_. ) P A
—— Mon. Fit instanton contribution is dominant

up to very large Q2 and‘deiays the
onset of pQCD.

o
Q° [GeV]
The leading instanton contribution comes from diagrams like:
NOTICE:
* one 1nstanton level

* 2 quaks interact with one instanton!




Instanton contribution to the

3

v y—=my  transition formfactor

Notice: only ONE quark inter— "
. . ' W e
| acts with the instanton. v
=i 1| The effect is suppressed by the
- instanton diluteness w.r.t. the
. | - leading contribution to the -
' pion charged FF.




Removing the dipendence on the instanton size

P.Faccioli, hep—ph/0111322, PRD (2002), in press.
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Dirac Operator Spectrum and Topology with Domain Wall Fermions

Thomas Blum
RBRC

This talk is based on material in two recent papers by the RBC group, hep-1at/0007038
and PPD65, 014504 (2002). It concerns the structure and distribution of the low-lying
eigenvalue spectrum of )IZ for DWF and the consequences for the QCD vacuum (in
quenched QCD). Related work is also found in Degrand, Hasenfratz, PRD65014503;
Edwards and Heller, PRD014505; Horvath, et al.,, 014502, Hip, et al. 014506, and
Horvath, et al., hep-1at/0201008 (see talk by Keh-Fei Liu on page 75).
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I1l. The eigenvalue spectrum of the Dirac operator. ..

In the continuum chiral symmetry places important constraints

on the spectrum:

{75, P} =0
pl=-p
So, spectrum of J) comes in pais,
Dipyy = LA

Y_) = V5%

where ) is real and non-zero

IFA=0,
Dy =0
Y590 = g

and zero-mode are eigenstates of 75 (they are chiral).

T. Blum, LANL Theory Seminar, May 24, 2001 S Lattice QCD using Domain Wall Fermions
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l1l. continued

The low energy (A < 1/a, Ms) eigenvectors and eigenvalues of

the 5d DWF Dirac operator represent 4d physical
For example, 2 right-handed chiral zero-modes on a Wilson

gauge field:

1e+00 r ® Eigenvector 0

1e-01

1e-02

= [P(x,s)f

1e-03 |-

1e-04 -

1e+00
1e-01
1e-02 |

1e-03

= | Pxs)f

! ) | 3 1

4 8 12 16

I

|

|

|

|

|

|

|

|

|

1

:

|

®  J

1e-04 | o ®

, o @

0

T. Blum, LANL Theory Seminar, May 24, 2001 - Lattice QCD using Domain Wall Fermions
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I1l. continued

Same gauge field, but 2 non-zero modes:

T T T T y T T T
. 1e+00 ¢ ® Eigenvector 5 ®
1e-01 | | i .
= ' l e !
2 je02f | % e o« ° 1
S: i o ® °® o o I
v 1e-03 ¢ i ® o0 0 ° i i}
1e-04 i ! |
1 i
I T T T T T
| |
1e+00 - o ® Eigenvector 6 s I
{ 1
N 1e-01 ! | .
'y | ® |
2 te02F ' % e . | o * ]
a" | ‘ . . i
o 1e-03 5 ® 9 00 ® E -
16-04 |- | i -
| |
0 4 8 12 16
S

The right- and left- handed components are symmetric about

L,=7

T. Blum, LANL Theory Seminar, May 24, 2001 - Lattice QCD using Domain Wall Fermions
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l1]. continued

Thus we examine the analog of {X;]|7ys|A;) (m, = 0)

Ls—1
AT Ag) = >0 > Ul (x, s)sign(s—(Ls—1)/2)Un,, (2, 5)

ze€V s=0

N

which shows 4= pairs as expected and a single zero mode

T. Blum, LANL Theory Seminar, May 24, 2001 R Lattice QCD using Domain Wall Fermions
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l1]. continued

We also have “complex” configurations

Narayan and Neuberger; Edwards, Heller, and Narayanan

that are changing topology

0.

0.

0. AL

0. A
18 15 gy e g Y
i 14 i S
EigNo 12 1o 3 . ) ' i Y o

00

The simple continuum chiral structure is lost.
The measure of such configurations vanishes rapidly
in the Continuum ||m|t Edwards, Heller, and Narayanan

The ensembles contain roughly 10% for Iwasaki and 50% for

Wilson

T. Blum, LANL Theory Seminar, May 24, 2001 L Lattice QCD using Domain Wall Fermions
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lIl. continued
The index I of the DWI Dirac operator is obtained by counting
zero modes. It agrees @;um well with ‘u_,h@ topological charge

Q= / B B diy

1672

calculated using the method of Degrand, Hasenfratz, and Kovacs

Nucl.Phys. B520 (1998) 301.
6 ' I ' | ' Il | ' 1 ! I

4+ @ -

Index

T. Blum, LANL Theory Seminar, May 24, 2001 ' Lattice QCD using Domain Wall Fermions
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l1l. continued

The local chirality distribution of non-zero modes for the lwasaki

ensemble and domain wall fermions

1.5e+05 . : . . \ ,

1e+05

Number

50000

X,(x)/Q, (%)

The double peaked structure indicates that the low-lying modes

are locally chiral as expected in an instanton model of the

QCD vacuum.

T. Blum, LANL Theory Seminar, May 24, 2001

Lattice QCD using Domain Wall Fermions
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Improved domain wall fermions

Konstantinos Orginos

March 29, 2002

We report here our results from our studies of the residual chiral symmetry breaking of domain
wall fermions for the 1-loop Symanzik, Iwasaki!), and DBW2 actions. The DBW2 action was
introduced in? and it was shown by QCD-TARO in® that it is a good approximation of the RG
flow on the two dimensional plane of the plaquette and rectangle couplings.

All the above gauge actions can be written as

Sg = § (CO Z P/u/ +c Z R/u/'!‘ +co Z Ow/a') (1)

Tp<V T3 uFEY T u<v<o

where P, is the standard plaquette in the p,v plane, and R, and C,,, denote the real part of
the trace of the ordered product of SU(3) link matrices along 1 x 2 rectangles and 1 x 1 x 1 paths,
respectively. For the 1-loop Symanzik action the coefficients cy, ¢;, and ¢y are computed in tadpole
improved one loop perturbation theory®? While ¢ = 0 and ¢y = 1 — 8¢; for both Iwasaki and
DBW2, ¢; = —0.331 and —1.4069 respectively.

As a measure of the chiral symmetry breaking we use the so called residual mass,

(J3(0)7°(2))
Myes = ZJ—%(‘W 3 ‘ (2)

tZtmin

where Jq5 is the mid-point chiral symmetry breaking term which appears in the axial Ward identity
of domain wall fermions, and ¢,,;, is sufficiently large to avoid short-distance lattice artifacts.
Using the DBW?2 action, we have essentially eliminated the problem of residual chiral symmetry
breaking for domain wall fermions at 2GeV with L; = 16. Assuming a 440MeV string tension, the
bare DBW2 residual mass is about 30KeV. Our results also suggest that the DBW2 action should
also be useful for overlap fermions, since it probably makes the approximation to the sign function
converge faster by eliminating the small eigenvalues of the Hermitian Wilson Dirac operator.

References
1. Y. Iwasaki, unpublished UTHEP-118 (1983).
2. T. Takaishi, Phys. Rev. D54, 1050 (1996).
3. P. de Forcrand et al., Nucl. Phys. B577, 263 (2000).
4. M. G. Alford et al., Phys. Lett. B361, 87 (1995).

111



Residual Mass

Measure of Chiral Symmetry Breaking:

I5(q)
@,
S
5 o
\ H
o s N
) 4 H 3
Y H H 3
H H g
\ H H 0
] H o
] d
H H e
H
H H
H *
H .
H 1
H H

(J54(0)J5 (1))
(J8(0)JE(1)) |50

Myres —

< gq(O)Jg(t)> ~ G—A@FZLS/Q [Kikukawa & N@guchi]

Where % is the 4D Hamiltonian which describes
the evolution in the 5th dimension (transfer matrix).

H ~ v5 Da(M)

Where D34 is the Wilson fermion action in 4D
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In practice:

o~

‘H has many nearly zero eigenvalues.
T heir frequency decreases rapidly as the con-
tinuum limit is approached.

Improvement: “Just remove themni’

Improved Chirality <= Suppressed # Zero modes

We would like to:

Identify the gauge configurations that cause
H; to have Zero modes

Modify the gauge action so that these con-
figurations get suppressed and hence im-
prove Chiral Symmetry [rec] [cr-pacs] [smmg et.a1.]
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Gauge Actions

- Wilson: S, =

W

ReTr<1— I:I>

- One loop Symanzik:

5= OreTr [co (I H2a (- []) + 5o <1‘ >}

c; computed by 1-loop tadpole improved perturbation theory.
[Liischer & Weisz Phys.Lett. Bi58 (1985)]

[s1ford et.al. Phys.Lett. B361 (1998)]

- Iwasaki:

Sy = -g—Re Tr [(1 — 8c1) <1— I:I> T 2c <1‘ I::I>]

With ¢; = —0.331 computed by perturbative RG blocking.

[Iwasaki (1983)]

- DBW2: Same as Iwasaki but ¢y = —1.4067 computed
non-pertrubatively by RG blocking.

[Tekaishi Phys.Rev. DB (1996)]



The action of a single Instanton on the lattice is:

2 4
S, [U1] = 82 (1 +C -‘p‘—Q +0 (Z—4>)

C > 0 — Stable instantons (Iwasaki/DBW2)

C < 0 = Unstable instantons (wilson)

C = 0 (Tree level Symanzik)

[took, Twasaki, Voshis]

This shows us that the Iwasaki and the DBW?2
actions should suppress small instantons and hence
improve chiral symmetry.
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Another reason inducing chiral symmetry breaking:
[shamir 2000]

W2
p=0 é6€ 2 p=0
S
0 q S

Low energy quarks — Bound to the wall

High energy quarks — Not bound to the wall

Explicit calculation of the above diagram predicts:

1 (1)Ls
~ —— X —
Mres Lg 5

The Iwasaki and DBW?2 action have less high en-
ergy fluctuations hence we expect smaller chiral
symmetry breaking due to the above mechanism.
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Mres VS LS

1072

10-8

M./ Vo
ST
[ [l |||||||

1074

10"'5 [ 1 I 1 1 L 1 I 1
10 20

DBW?2 action (mye(s) ~¢* with ¢~ .6).

e Iwasaki action [cP-PACS Phys.Rev. D63 (2001)]
e Symanzik action.
e Wilson action [RBC hep-1at/0007038]

_attice spacing: ¢~ 1 ~ 2GeV
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Lattice QCD

with two flavor
dynamical domain-wall quarks

Taku lzubuchi (BNL HET) for Riken-ENL-Columbia
collaboration
e o ' ~2GeV
e using improved glue (DBW2,...)

e scale matching with dynamical staggered fermion on
deconfined phase

e New force term

target scale : a=' ~ 2 GeV

Lattice size: X,Y,Z,T) = (16,8,8,8),
(16,16,16,8),ABC for T-dir

Glueon: WilsonG ¢ = 5.80, DBW2, 3 = 0.80,
lwasaki ...

quarks: Np =2, ms(dyn) = 0.025,0.020

DWF param.: M = 1.80,1.70, Ls =
8,12,(165)
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residue of CG

plaquettes

Preliminary

num CG.~ 100--300.

thermalization after ~ 600--1000 trajs.

fewer CG for the new force term

acceptance ~ 70% -- 95%

elapse time for 8% x 16 ~ (an hour / 10 traj for)

HMC basics history
/8x16/DB_L12B080M18mf0025/ev1

p_sum
— p_min
+—| p_max

1500

—| true_res_av
+——+| true_res_min
+——a frue_res_max

1500

«——s| cg_iter_av
+~——3t cg_iter_min
+— ¢cg_iter_max

0 500 1000 1500



Meson masses and Spectrum Flow
T =a~' /Ny ~ 250 MeV

16x8x8x8 m=0.025 KS vs DWF
DB_L08B080mf0025

1
RHO
0.8
-l‘:;‘—“- M—_—_"-:g:::::—?——‘_— - —‘g’“ip’—‘r: —‘—ﬁ
0.8 X

0 0.01 0.02 0.03
valence quark mass

Wilson Flow conf# 100 120 140 160 180 200 220 240 80 é

/8x16/DB_L08BQ80M18mf0025/ev2wf
1 T T T

0.5

l"||||82! .............

—|I|| IHIT ”
||||'|Illll|'||llill||ll llliiii....= ....... IIIIIIII IIIIlI
J
-05 | II| 1
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residual masses

mildly depends on Lattice size. a~! varies,

Mres vs mf

8x8x8x16, M=1.80
’0-2 T T T T T M T M T

(G—ODBW2 L=8 B=0.80 m{=0.025
¥- --#:DBW2 L=12, B=0.80, mf=0.025
M+ G1 L=8 B=1.20 m{=0.025
e D
= E-3 A—A lwasaki L=8, B=2.30 mf=0.025

I 0= Sar —Ir WilsonG =8 B=5.80 m{=0.007
o= - WilsonG L=8 B=5.80 mf=0.015

‘Wilsong L=8 B=5.80 m{=0.025

jﬁ"“‘"i{“ — sy [FtWisonG L=12 B=5.80 mf=0.025
== == == ==

] L

0 . . . . .
0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04

mres profile
/8x16/DB_L12B080M18mf0025/ev1imL12M18mi0010-0025/hadron/out_100-199
0.014 v %mf=0.010
mf=0.015
& mf=0.020
A L=8, pOint mf=0.025
A
" |
@
E - =
\L 8, wall .
0.006 | . -
== e
0.004 | ) . -+ 1
0 i) 1 J L
0 2 4 6 8 10
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- Discussions

At deconfined phase, on a7 ! ~ 2 GeV lat-
tice

Hy, has a rather clear gap
5D eigen vector is sensible (Lego plot)
mres COUld be marginally controlled.

quark mass dependence to chiral conden-
sation is consistently understood. ¢

non zero topological charge in dynamical
deconfined phase (?):

residual chiral symmetry breaking
Spwr = Seon + C/Po(L.)e™**0(a) + O(a?)

profile of m,.s shows point source’s have
severer breaking, +«— large momentum
modes has less exp suppression

(Jsq(x) P(y)) ~ exp(—als)

a has larger contribution from larger mo-
mentum modes
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Flavour singlet and exotic mesons from
the lattice.

C. Michael
Theoretical Physics Division, Dept. of Mathematical Sciences, University of
Liverpool, Liverpool L69 3BX, UK

I show that the difference in mass of flavour singlet and non-
singlet mesons can be determined by studying disconnected quark
diagrams on the lattice. I present a summary of these contribu-
tions for different mesons (hep-lat/0107003) showing that they are
only big for scalar and pseudoscalar. I also discuss briefly the techi-
calities of measuring these disconnected quark diagrams sufficiently
accurately.

For a review of pseudoscalar mesons, see hep-lat/0111056.

For scalar mesons, I discuss the quenched case where mixing be-
tween quark-antiquark scalar mesons and glueballs can be explored
on the lattice. From lattice QCD with 2 flavours of sea quark, only
the resulting mixed states are accessible and I present results (hep-
lat/0010019 and recent preliminary results). These confirm that
significant mixing effects are present. I also discuss the nature of
the non-singlet ag states.

After a brief review of hybrid mesons, I discuss their decays. It
is indeed possible (hep-lat/0201006) to study these decay matrix
elements on a lattice. After a brief summary of the restrictions, I
present results for hybrid decays for the case of heavy-quark hybrids.
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Isovector Axial Charge of the Nucleon
from Lattice QCD

Shoichi Sasaki®, Tom Blum®, Shigemi Ohta®® and Kostas Orginos®

a) Department of Physics, University of Tokyo
b) RIKEN BNL Research Center, BNL
¢) Institute for Particle and Nuclear Studies, KEK

The iso-vector axial charge g, of the nucleon is a real good test of lattice
QCD towards studying the nucleon structure functions. Indeed, it seems to be
an easy quantity for lattice numerical estimation since it requires the lowest
moment and zero momentum calculation only for the connected contribution
in the SU(2) iso-symmetric case. In contrast to this naive expectation, both
quenched and full QCD lattice calculations with Wilson fermion at finite lattice
spacing (a~1 ~ 2 GeV) have not succeeded in reproducing this quantity so well,
with underestimation by about 20 %[1]. Recently, the QCDSF Collaboration
reported that the systematic error steming from the finite lattice spacing is not
so significant (about 5 %)[2).

Our previous DWF calculation was employed with Wilson gauge action at
B =160 (a=! ~ 2 GeV) on a 16® x 32 lattice, which corresponds to the stan-
dard lattice volume (~ (1.6fm)3) on this subject[1, 2. We calculate the ratio
glastice/glattice Ly virtue of the good chiral properties of DWF (Z, = Z,) in
order to determine the continuum value of g, in a fully non-perturbative way.
We found that g, = glattice /glattice L1544 fairly strong dependence on the quark
mass in the lighter quark mass region[3]. A simple linear extrapolation of g, to
the chiral limit yielded a value that was almost a factor of two smaller than the
experimental one.

Here we report our recent study of this issue. In particular, we investigate
possible main errors arising from finite lattice volume, especially in the lighter
quark mass region. We employ DWF calculation with a RG-improved gauge
action (DBW2), which maintains a very good chiral behavior even on coarse
lattice (a~! ~ 1.3 GeV), in order to perform simulations at large physical volume
(~ (2.4fm)3)[4]. We utilize two lattice sizes (8% x 24 and 16 x 32) to examine
the finite volume dependence. The significant large effect on g, is observed with
respect to finite lattice volumel[4].

References

[1] K.F. Liu et al, Phys. Rev. D49, 4755 (1994); M. Fukugita et al., Phys.
Rev. Lett. 75, 2092 (1995); M. G"dkeler et al., Phys. Rev. D53, 2317 (1996);
S. Giisken et al,, Phys. Rev. D59, 114502 (1999); D. Dolgov et al., hep-
lat/0201021.

[2] S. Capitani et al., Nucl. Phys. B (Proc. Suppl.) 79, 548 (1999); R. Horsley
et al., Nucl. Phys. B (Proc. Suppl.) 94, 307 (2001).

[3] T. Blum et al., Nucl. Phys. B (Proc. Suppl.) 94, 295 (2001).
[4] S. Sasaki et al., Nucl. Phys. B (Proc. Suppl.) 106, 304 (2002).
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Details of the simulation

P

Gauge:

pel

Fermion:

DBW2 action (c,=-1.4069)

=0.87, a1=1.3 GeV
two lattice sizes 163x32, V=(2.4 fm)3, 100configs
83x24, V=~(1.2 fm)3, 400configs

Domain Wall Fermions (quench)

L=16, M;=1.8

6 quark masses (m,/m =0.62 - 0.89)

m_L > 6 (for the larger volume) and m_> 500MeV

Basic results: m a=0.603(20), my/m_=1.30(6)

m,.a=5.7(3)x104




Gel

Zya

Checking the relation 2,=Z,

$=0.87 (DBW2),163x32x16, M=1.8  Zv =1/8/"* since gy =1
Z, from (A" ()P(0)) = Z, (A= (1)P(0))

0.88 00
0 Zy
0.86F O Z, é 0.8} 3 z i
0.84} o7} , . -
§ m=0.04
0.6 1 1 g | [ [
0.82 § 12 14 16 18 20
Time slice
0.80 0.9
0.78 0.8} & o -
0.7F -
076 | DBW?2 ? m=0.06
i 1 [] ] (] ]
0.74L1 Preliminary 1 1 ! 00 e 7 6 18 20
0.00 0.05 0.10 0.15 0.20 Time slice
my source at t=11, sink at 21, current insertions in between

v Keep good chiral properties even at coarser lattice.



Large finite volume effect

T

B=0.87 (DBW2) ,163x32x16 (100 configs) and 83x24x16 (400 configs)

1.8
Preliminary 2.5 -
T 2.0 @ R T
1or g oasf oDIFTEELLC L
§ 0 B --2----2----2).. 84 E
— - 6§ 1.0F 0 a -
X s 14F JL T _ 5 0.5} o m=006 O
E=] i & (ﬂ) & 1 1 1 1 1
£ ® - 0.0
2 x & 17 s O 10 12 14 16 18 20 22
A 1.2 ; ﬁ{; B Time slice
i3 AL
S <§ T 25
S - B D A
"0 - Bfg 23?““2250
o DBW2/DWF on (2.4 fm)° g o O wipedde 0 0 .
0.8} o DBW2/DWF on (1.2 fm)® S 1OF o
o Wilson/DWF on (1.5 fm)® 0.5 © m=0.08 °C -
0‘0 [] [ 1 1 []
0.6 l l l 1 10 12 14 16 18 20 22
0.0 0.2 0.4 0.6 0.8 Time slice

Mg Iy

1= A clear volume dependence is observed



LET

Values of g, from two methods

Fully non-perturbative determination of g,

DBW2+DWF, 163x32x16, 100 configs .
@ Ratio method:

1.8 - i
gAcont_(gA/ gv)lattuce
er ® Multiple method:
s 14} th jt I . - gAcont-_- ZAchnraI X gAlattlce
% semaszzizsssnio :!_h' (Y i s
8 _ ol j %%% ............ ; ................... .
o v Mild dependence on m;,
1.0 Ratio method:(g, / gy)“"*
a Muiplo memod?zAgtha'x g, s v" Resultant values at m=0 are
08 60 005 010 015 020 consistent; g,=1.30(14)

m;




e

Summary

e,

\

Simulation is employed on coarse lattice (a~0.15 fm),
| | large physical volume ~ (2.4 fm)?
using DBW2 gauge action and Domain Wall Fermions
$=0.87, two lattice sizes 163x32 and 83x24, L .=16, M;=1.8

v" Relevant three-point functions are well behaved.

v’ Confirm that Z,=2, is well satisfied even at
coarse lattice.

v’ Determine g, in a fully non-perturbative way.
v' Observe the significant finite volume effect on da.



Lightcone nonlocality and lattice QCD

Daniél Boer

Free University Amsterdam, De Boelelaan 1081, 1081 HV Amsterdam, The Netherlands

The goal of the spin physics program at RHIC is to measure quantities that describe the spin
structure of hadrons in terms of quark and gluon degrees of freedom. Typically these quantities
are hadronic matrix elements of operators that are nonlocal along the lightcone; they are functions
of lightcone momentum fractions. If one wants to evaluate such quantities using lattice QCD, one
needs to resort to evaluating so-called Mellin moments of these functions, which are local operator
matrix elements. For example, the first few moments of structure functions have been calculated
in this way.

Apart from the cases for which Mellin moments provide a reduction from nonlocal to local
operators, there also seem to be a few quantities (all of great interest to high energy spin physics),
that do not allow for a straightforward evaluation using lattice QCD. In this talk I focus attention
.on these quantities and investigate what exactly hampers a lattice evaluation.

The first, hadron spin dependent quantity discussed is a higher twist matrix element called
T(z,St) [1]. This function possibly forms the origin of the large left-right, single transverse spin
asymmetries measured in pion production in hadron-hadron collisions. It appears to be intrinsically
nonlocal along the lightcone in any gauge. The question is whether a lattice evaluation of such a
matrix element is possible at all. In contrast, other more conventional higher twist matrix elements
pose less problems, for example: four quark operator matrix elements or the moments of the twist-3
structure function g, (which are quark-gluon correlation matrix elements). The latter function was
recently measured to be nonzero by the E155x Collaboration at SLAC and a lattice determination
for a particular moment (d;) has been performed. The advantage of a lattice evaluation of higher
twist matrix elements is that one can learn about the magnitude of functions that are not likely to
be measured in experiments in the near future.

Although the function T'(z, St) may not be calculable directly, it may possibly be related to other
functions that are amenable to lattice evaluation. For instance, the ESGM relation [2] connects
the integral (over z) of T'(z,Sr) to the quantity de. The derivation of this relation involves an
approximation that is unproven, namely assuming an average gluon field strength inside the proton.
Whether this yields the dominant contribution remains to be shown. The ESGM relation was
derived in the context of the local OPE, but as shown in this talk, it can also be extended to
connect the functions of z, instead of the integrals only. This unintegrated ESGM relation may
prove useful since the asymmetry Ay involving T'(z, St) can be measured as a function of z. The
issue of whether T'(z, St) is an oscillating function of z becomes relevant here, since it would allow
An(z) to be large for certain regions of z, while keeping dy small. Especially Ay in the Drell-Yan
process (to be measured at RHIC) will be of importance for this issue.

Apart from the lightcone nonlocality problem of T'(z, St), I also discuss problems related to
the polarized gluon distribution Ag(z) (its first moment appears in a certain angular momen-
tum decomposition of the proton spin) and to the moments of fragmentation functions. All these
quantities frequently appear in factorized and polarized semi-inclusive processes and lattice evalu-
ations/estimations would be more than welcome, but some new ideas will be required.

[1] J. Qiu, G. Sterman, Phys. Rev. Lett. 67 (1991) 2264
[2] B. Ehrnsperger et al., Phys. Lett. B 321 (1994) 121
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Qiu-Sterman matrix element 7'(x, St)

Some definitions

T = ETlgaS,_’?jVi_
. 2i M S2.P+
(...) = /57;6/\ (P,S|...|P,S)
such that
Tr[®%(y,2)Te] = Ga(z,y)
Tr[®%(y,2)Ta]l = Gr(z,y)

and define the Qiu-Sterman matrix element T'(x, St) (52 = 1):

T(z,87) = iM ($(0)Tq [ dn F*(nn_) p(An_))/P*

= 2miMTr[®%(z,z) s /g

One has the problem of dealing with

/ dn F*(nn_)

Intrinsically nonlocal along the lightcone (even in AT = 0 gauge)
Not amenable to lattice evaluation: Mellin moments not local

Daniél Boer — Lightcone nonlocality and lattice QCD

vrife Universiteit amsterdam
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ESGM relation

T'(z, St) is argued to satisfy the (approximate) ESGM relation

1 1
/ T(z,ST) dz = —12CM2R0/ z? g2(2)lpwist-3 o
-1 0

Ehrnsperger, Schafer, Greiner, Mankiewicz, PLB 321 (1994) 121
The derivation was done within the context of the local OPE

ESGM'’s only approximation is
/dn F(mn_) ~ Ft*(An_) x 2cMR

for some A\

If ESGM's approximation is fine, then one can relate the magnitude
of SSA's to go; this is nontrivial and useful, since [ 2% g2(2)|twist-3 4
can be (and has been) evaluated using lattice QCD

1 1
dg = 3/ 2% 92(Z) lowist-3 4% = 2/ z? Gr(z) dx
0 0

E155x data: ds = 0.0032 4- 0.0016
This seems to suggest very small SSA (if arising from T'(z, St))

Daniél Boer — Lightcone nonlocality and lattice QCD

vrije Universiteit amsterdam
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Unintegrated ESGM relation

Take PT = Mn*/+/2 in the proton rest frame and take V = 2cM R
(c is a constant between 1/3 and 1), then one arrives at

9T (z, ) = —2cM*R z* jr ()

This is an unintegrated ESGM relation, dealing with nonlocal
operator matrix elements (holds for each flavor separately)

It can be viewed as approximating

/dy Im G4(y, x) %aszR/dy ReG4(y, x)

Hence relating the imaginary part of a function to its real part

The question arises whether gr(x) is an oscillating function, since
the unintegrated relation implies similar behavior for T'(x, St)

Daniél Boer — Lightcone nonlocality and lattice QCD

vrije Universitelt amsterdam
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The x ‘behavior of T'(z, St)

Data (E155x) and the bag model (Jaffe, Ji, PRD 43 (1991) 724)
suggest that go(z)|twist-3 i an oscillating function of z

Since gz(£)|tw15t—3 = gT f gT /y dy,
gr(z) itself need not be an oscullatmg function

In any case [ T(z,St) dz can be much smaller than the maximum
value of T'(z, St), but oscillating T'(z, S7) can accomodate small
dz, but at the same time larger Ay(z) in a specific  range

Lattice evaluation of higher Mellin moments of 22 §z(z) would thus
be very interesting

1 1
n
" T . dx = " gr(x) dx
/0 92( )ltWISt—3 n+ 1 /O gT( )

Daniél Boer — Lightcone nonlocality and lattice QCD

vrije Universiteit amsterdam
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Conclusions

e Factorized semi-inclusive processes often deal with matrix
~ elements of operators that are nonlocal along the lightcone

e Single transverse spin asymmetries may involve Qiu-Sterman's
matrix element T'(x, ST), which cannot be made local by

taking Mellin moments

e The ESGM relation offers a solution, but its derivation involves

an unproven assumption

e An unintegrated (nonlocal) ESGM relation was obtained
It has the advantage of being a function of z -
Lattice evaluation of higher moments of z2§r(z) very useful

e An oscillating T'(x, St) may produce larger values of An(z),
while keeping ds small

e The angular momentum decomposition in three quark and gluon

components is amenable to lattice evaluation

e Fragmentation functions from lattice QCD impossible?

Daniél Boer — Lightcone nonlocality and lattice QCD

vrije Universiteit amsterdam
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Hard Scattering in the QCD String

Richard C. Brower

e Rutherford’'s Experiment on Super Stkings
e The First String Counter Revolution

e Conformal Red shift in the 5-th Dimension.
e Hard Scattering at Wide Angles

o Soft versus Hard (BFKL) Pomeron

REFERENCES

Polchinski and Strassler, hep-th/0109174
“Hard Scattering and Gauge/String Duality”,

2. Polchinski and Susskind, hep-th/00112204
“String Theory and the Size of Hadrons"

3. Giddings, het-th/0203004
“High energy QCD scattering, the shape of gravity on an IR
brane and the Friossart Bound"”

4. Brower and Tan , het-th/02xxxxxx
“Hard Scattering in the M-theory dual for the QCD string”
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Is QCD a String theory?
QCD has a single expansion parameter:
A=1/N2,,. ~0.1 (1)

color —
at fixed mass gap A (or equivalently the renormalized
'tHooft coupling g2N). The only other parameters are

The 1/N expansion is believed to give

e a leading order spectrum of stable glueballs and stable mesons
(including nearly massless pseudo Goldstone pions).

e hard scattering and asymptotic freedom at string tree level.

1
e Non-perturbative effects O(A\™2): Instantons (Action ~ 8N#2/(g°N),
Baryons (Mass ~ NAg4, ...), etc.

Difficulty with fundamental string for QCD: (i)ZERO
MASS STATES: (ii) SUPER SYMMETRY, (iii) EX-
TRA DIMENSIONS: 4 4+ 6 = 10 and (iv) NO HARD
PROCESSES!

WIDE ANGLE Scattering (“Rutherford Experiment”):
s, —t,—u >>1/al |

Astring(s,t) = exp[— Zaj(sIns+tint+uinu)]  (2)
but partonic behavior of QCD gives

1
Agea(s,t) ~ ( ) (3)
! 1/a:flcds

where n=number of “partons” in ext lines (actually
lowest twist Y .7 = >, d; — s;) (Conformal up to small
asymptotic freedom logs)
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Maldacena’s String Counter Revolution

Maldacena ADS/CFT Duality: Weak coupling gravity
in AdS%tl & Strong coupling (SUSY) CFT in d

Anti-De Sitter metrics, AdS%T! x X, (p = 1,..,d) are
solution to low energy closed strings (e.g. gravity). To
get the QCD universality class one breaks conformal
(and SUSY) symmetry with an IR “cut-off” at b = rmn

2 2'
ds? = ;zznuydw“da: + —_(1—b%/rH) " dr® + R? ds?

where ds% is the metric for 5 (or 6) compact variable
of 10-d strlngs theory (or 11-d M-theory).

\ v

r = rmin (IR) r = oo (UV)

pt defects at r = 1/p — =
& Instanton radius p
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Wide Angle Scattering

The 2-to-m glueball scattering amplitude T'(p;) in the
gravity-dual description is expressed as the 4-d plane
wave glueball states ¢,(r,Y) expliz;p;] interacting in via
the scattering string(M-theory) amplitude A(p;,r;,Y;) in
the 10-d (or 11-d) bulk space (x,t,Y):

T(pi) =
H / d/'Lj ¢j(rj7 Y,}) A(pla 71, Y1, Pm+t2, T'm+2; Ym—|—2) .
J

We now discuss two different approaches to the QCD
string that both give the correct parton scaling formula.
This is check on the underlining universality of Malda-
cena’'s duality:

10-d String theory Approach:

For string theory in a deformed AdS® x X background,
Polchinski and Strassler make the following argument. If
the bulk scattering is “local” (as it is in strong coupling)
then the wide angle strings scatter amplitude A(pr;,Y;)
is exponentially suppressed when the local momenta,

R

Po(r) = —p, (4)
are large relative to the string length
alsps - ZER p/rscatt >1. (5)

The scaling is the inverse of the proper distance: As =
(R/r)Az. This is just the standard UV/IR connection
in AdS.
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Consequently the dominant effect for wide angle is de-
termined by the conformal scaling of the wave function
at large r,

¢i(r) ~ (rsc“tt/rmin)_A4 ~ ( /\/—fR2)_A4 ~ ( ch p)—A4
m’m (6)

in precise agreement with the parton result! The last
expression follows from the scaling of the QCD string
tension:

/ ! 'RQ
ach Qg 2
r<.

min

11-d M theory Approach:

Another approach to QCD starts with M-theory in AdS” x
S* with a different conformal scaling ¢i(r) ~ (r/rmin) 2
for glueball wave functions (e.g for scalar fields: Ag =6
instead of A4 = 4.) However again the correct parton
result is found if once one realizes that this is a the-
ory of membranes in which string arise by wrapping the
11-d dimension. The local radius of the 11 dimension
R11(r) = rR11/R now also determines warped string pa-
rameters

Z? = Rll(’l")lz and §§('I")R11(T)/l§' . (7)
These additional warping factors precisely reproduce the
parton results!

Tscatt  — A(') V& p _2 Aé‘) _2AW
( ) 3 ) ~ ( ch p ) 3 (8)
T'min V mzn/ R




Note that the last expression in M-theory requires the
scaling relation:

i
The 3rd power is a consequence of minimal (3-d) mem-
brane world volumes in 11-d versus (2-d) strings world

surface in 10-d.

Soft vs Hard Regge Scattering

Similar arguments can be applied to the Regge limit: |
s >> —t.

T(s,t) = / " dr k() BU(R?[r)t)(as)*O+elB/™E - (9)

min

The dominant scattering takes place at large r, giving
rise to a BFKL-like Pomeron with almost flat “trajec-
tory” (actually a cut in the j-plane)

T(s,t) ~ (a's)*® /(log s)7H! (10)

The IR region in the bulk » ~ ru:, gives a normal soft

Regge pole with slope o, ~ o'R3/r3,.

T(s,t) ~ exp[+a'tlog(s)](a’s)*® (11)

Actually we can not really see the Regge pole without
a better computational control over the IR region. But
the basic form is consistent with the expectation that
soft behavior approaches the exponential damping of
naive strings, consistent with a “form factor” with a
divergent radius in impact parameter:

< XTI >~ af4109(s) ~ o} log(No. of d.o.f) (12)
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Relativistic Heavy Quarks on the Lattice

Sinya Aoki

Institute of Physics, University of Tsukuba,

Tsukuba, Ibaraki 305-8571, Japan

Abstract

Lattice QCD should allow quantitative predictions for the heavy quark
physics from first principles. Up to now, however, most approaches have based
on the nonrelativistic effective theory, with which the continuum limit can not
be taken in principle. In this paper we investigate feasibility of relativistic ap-
proaches to the heavy quark physics in lattice QCD. We first examine validity
of the idea that the use of the anisotropic lattice could be advantageous to
control the mga corrections. Our perturbative calculation, however, reveals
that this is not true. We instead propose a new relativistic approach to handle
heavy quarks on the isotropic lattice. We explain how power corrections of

mgqa can be avoided and remaining uncertainties are reduced to be of order

(CLAQCD)2.



1 Offself improved action. .. .. .. ..

Y dinhR i Fidifiianind
i R RS R R R E O d\’(hi.)‘*%ﬁﬂvfw‘("‘ ) r ;

O(a) improvement for massive quark -

Sq P = ; [(3303 + €405 + AZ 54054 + AZ 64064 + - - }
=q =a

dim.3 : Os(z) = 7(z)q(z),
dim.4:  Oy(z) = q(z)Dq(z),
dim5: Ogy(z) = g(z)D Q(w), o
055(37) = ZQ(«’C)O'W/ ,LLI/Q("B)J
dim.6: Oga(z) = g(2)y,D3q(a),
Ogy() = @(x)DZDq‘(x),
Osc(2) = q(z) ) D 9(?7)_7

it R e R AR

Ose(7) = () ) *¢(x),
Oﬁf(x) = 4(x)I'q(2)q(z)Tq(x),

dim. (37 4 n) : (’)3l+n(33) =q(z)'T'D Q( )l

Ci4 'S can be mass-dependent — higher dlmensmnal op.

With on-shell condition( I} 4+ m = 0)
2(@)T'Dyg()' ~ (ma)*(an)®4

— only [ = 1(fermion bilinear) is needed for O(a) improvement.
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Parameters(no tuning)

Z < my < hadron mass.

Z - Yy = 1< pole mass tunmg o
rs = 1( irrelevant, Wilson parameter)

Relevant parameters( tuning is necessary)
e = 1+ 5 (ma)" ()a(g?) = 1+ f (ma)
n—

o=k E may ) =1+ fulma)

o0
CE,B = CSW + Zl(ma)n(cE,B)n(gQ) =1+ CE‘,B(ma‘)
n=—

Note that the expansions in ma converge if ma is small enough. I,
o b ARSI "*’&""“’“&&WME T S BHRS
zm@%f'f‘é“'wftswzhmﬁa‘*‘“}*'"*b@‘ PRROETE @»\ S

bl

FNAL quark action
® U, cg, cp are relevant parameters in the action
® 7, is reméved from the action by the change of the -\}aiiabie:
q(x) — e™"Pig(z).
However d term is necessary for the matrix elements. — r, < d

e Kinetic mass is used-for the hadron masses
If v, is not tuned( as the clover action), (ma)? error appears.
Pole mass is better (7).



Determination of f

._ ,Renormahzatmn and. Improvement condlmon

rarameters at tree level

Fermion propagator

1 — >
Slat (pO; ]3) — 3’}’0}70 () i YiPi + m

Zq

P 2 +(no pole terms)+0'(a(pia)2)
11

Quark-quark scattering amplitude

p

P’ P P’

DRieR ARSI G

St N

T__

Renormalization

(a) (b)

continuum amplitude + O((p;a)?)

My + 1, + Vm3 + 2rymg + 1

= 10 )
& 1+’I"t

_ My

= m07

= cosh(m,,) + r isinh(m,,).
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Improvement coefficients

g e
r. — cosh(m,) + rsinh(m,)  sinh (m,)
s = - o ' mg |
‘@ = TtVs,
cp = Ts.

® Propagator & scattering amplitude give the same v, and r;.
— 74 18 relevant.

o 1- loop calculation is in progress S

s GenmEERR R RS
: Gt ,ﬁkm S R ; P

e Non-perturbative determination

Vs <= kinetic mass = pole mass

7s < kinetic mass of heavy-heavy & heavy-light ?

ce,B ? (No axial Ward-Takahashi identity)



- Scaling violation for heavy quarks

Scaling violation

algep § C% (g%,log a)(mga)" Wilson with pole mass tuned
n=0
algep %% C%(g?,loga)(mga)" massless clover with pole mass tuned
2 £ F( 2
(aAgep)” Y C, (9%, loga)(mga)”  fully tuned
n=0
Again expansions converge for small ma.

Large mass behaviour

Heavy-light decay constant (example)

static limit

A
AZIZD == Tr?;f [’w() + (aAQCD)zwg + O((CLAQCD)3)]

fully tuned action

T8 (hqen/ma)lir (ahac)talman)  +0((aracn))
? relative scaling violation
4
vy (mga) — 0(1) as moa — 0

— wi ~ O(1) asmga — 00

va(mga) is finite in the mga — oo limit
and even a mild ﬁmr*‘rin‘rj ‘rjffm L o
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Non-perturbative Renormalisation with DWF

Chris Dawson [RIKEN-BNL Research Center]
March 21, 2002

Abstract

In this talk I gave a brief overview of the results of applying the
technique of non-perturbative renormalisation as developed by the Rome-
Southampton group to the renormalistion to local bilinear and four-quark
operators using the Domain Wall Fermion action.

The good chiral symmetry of Domain Wall Fermions means that the
quark propagator in a fixed gauge is off-shell improved, with discretisation
errors starting a O(a?). This was demonstrated by showing results for the
trace of the inverse guark propagator and contrasted to the result for on-
shell improved Wilson fermions which suffer from appreciable O(a) errors.

The results for local bilinear operators were then shown. The cal-
culated renormalisation factors obey the relations that chiral symmetry
predicts, and agree well with one-loop, tadpole improved perturbative cal-
culations. However, for the standard choice of external quark momenta
the extraction of the pseudo-scalar renormalisation constant has a large
systematic effect due to contamination with pion poles.

Results from the more complicated case of the renormalisation of the
AS = 2 Hamiltonian were then shown. These showed no evidence that dif-
ferent operator mixing between different chiral multiplets, a result which
allows practical calculation of the Hadronic parameter Bx with Domain
Wall Fermions. The contamination with pion poles, however, was shown
to be a significant effect, but one that could be completely circumvented
by a different choice of external momenta.
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Non-perturbative Renormalisation

e Apply renormalisation conditions directly on lattice
Green’s functions with off-shell quark states [Mar-
tinelli et ol NPB445]

— in a fixed gauge

— at large momenta

e In priciple an all-orders calculation of the renormal-
isation coefficients.

e Also allows lattice perturbation theory to be avoided

— slow convergence (can mean-field improve).

e Requires a “window” in momenta,

— not too high - lattice artifacts

— not too low - low energy effects

¢ In reality systematic effects from either side of the
window may be taken into account

— Improvement

— Operator product expansion
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Trace of S~!: Lattice form

e The actual form of the Tr (S ) in a lattice calcula-
tion will be contaminated by

1. Low energy, spontaneous chiral symmetry effects
[Politzer, NPB117}which at lowest order in 1/p?

look like

0,10

pZ

2. High energy, discretisation effects. The leading
effects are from defining the quark field [Becirevic

et al,hep-lat/9909082]

Qren — Z(y2 (1 -+ quf) {CLCQ(‘ZD + m?‘en) + CNG'I@} Goare

these terms break chiral symmetry

— suppressed by O{amy.s) .

e Expected lattice form:

1 _
ETY (Sla.tlt(ap)) =

Low Energy Corrections

The Renormalised Mass
Lattice Artifacts
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Trace of S~ Data

Trs™) ; Beta=6.0 Ns=16

1.2 T T T T
%
1+ m=0.00 —t—t = &
m=0.02 +--3--4 ] £
m=0.03 t--%---! «® O g
M=0.04 & g oo
] e g y
i

(IR
TR W

& 2ELH
120,1380 4ot oes
A

06 0,182 J— .

[ ey ]
a0 -
L

]
1
04 o ?
is 8% ;; gg ;E ;
R
o.z'Lg ?‘ﬂ R T -
; i I £ T S o T CC S S
IR EEEEE YN
-0.2 ; ' ' :
h 05 1 1.5 2 25

(@p)?

e Compare Wilson (APE) and DWF (RBC) results.
e No sign of explicit chiral symmetry breaking effects.

e Spontaneous chiral symmetry breaking effects small
at scale of 2GeV .
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Pion Poles

e The gauge configurations are non-perturbative and
allow for the propagation of light mesons. ie. effec-
tive iteraction

C {*ﬁE’yg,u + Tysd 7r}

e Pion Propagator:
1
(p—q)?+ M3

e (p—g) = 0and M2 oc m . Have a 1/m pole for every
pion propagator.

e Solutions:

— Fit to the poles.

— Use a different momenta configuration (later).
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Distinct momenta

05 -

15l L 1 L
13 0 50 100

a number

e New momenta configuration for external states

s(p)d(q)s(p)d(q)

e Various momenta configurations for my = 0.04 .

e The four points with appreciable magnitude have
p=q.
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e Schréodinger Funct

Ref.: hep-lat/0203002

Filippo Palombi

in collaboration with

R. Petronzio and A. Shindler

Singlet operators on the lattice
Schrédinger Functional

Gauge invariant sources

One loop perturbative expansion
Renormalization in the SF scheme

Analysis and results
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One loop average momentum
of singlet parton densities

in the Schrodinger Functional scheme

A non perturbative computation of the evolution of singlet parton densities without gauge—
fixing requires gauge invariant sources in order to probe singlet operators. Within the
Schréodinger Functional scheme, a quark source can be defined in terms of functional deriva-
tives with respect to the quark boundary fields and a gluon source — which is the novel
part of our work — can be defined in terms of path ordered products of gauge links, con-
nected to the time boundaries. We adopt this definition and perform a one loop lattice
computation of the renormalization constants of the twist—2 operators that correspond to
the second moment of singlet parton densities. We use the Wilson action, the Feynman

gauge and perform our calculation at zero renormalized quark mass.

We check our calculation verifying that the non physical divergences, present at single dia-
gram level, cancel out when summing over all diagrams, and that the physical divergences

lead to the known one loop anomalous dimensions.

This calculation fixes the connection between the lattice SF scheme, where a non perturba-
tive evaluation of the absolute normalization of singlet parton densities can be made at low
energy, and the MS scheme where one can extract the experimental values, determining
the matching coefficients which are needed to jump from one renomalization scheme to the

other.

This computation puts the premises for a lattice non perturbative calculation of the amount
of gluon in a hadron from first principles. The new definition of a gauge invariant gluon
source might also be used for a novel definition of a4, or for further studies of non pertur-

bative aspects of the gluon propagation.
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Moments of singlet structure functions are related, through
the operator product expansion, to hadronic matrix ele-
ments of two kind of twist-2, gauge invariant, local op-

erators of the form

@ir”ﬂl\f = Zﬁr{ﬁ{uﬂﬁ po D !—ﬂw—i punlJ

On the lattice, irreducible representations may require com-
binations of operators with different Lorentz indices
[M.Géckeler et al., Phys.Rev. D54 (1996)]. For the second moment, a

possible choice is (N = 2)

O%(@) = 73@mD apm) (1)

Ofy = tr{Fy,(@)Fq(@)} (2
0 o o
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Gauge invariant sources

Quark gauge invariant source [Karl Jansen et al., Phys.Lett. B372 (1996)]

m let's introduce functional derivatives with respect to the

boundary fields:

0 - o
() "o 0 = 50
- B )
0= ey W= 5

They can be considered as quarks on the boundary and can

be used to define ‘the operators

Sip) =a® Y PUIE(y)Ie()

Sp)=a® Y POy ()

m |t can be shown that these operators are invariant under
a gauge transformation of the SF. Choosing T' = v, and
p1 # 0, such a source can be used to probe the opera-
tors (1,2)
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Gauge invariant sources (2)

Gluon gauge invariant source

B A gauge invariant gluon source for the operators (1,2) is

given by

S, =te{TiT}

where the big—tooth state 7; is defined as

Ul (2g,% + ai)

J

m  The gauge invariance of S, is due to the globality of the

gauge group on the time boundaries.
m :L'o:T/4
by

X x+ai
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m In order to measure the renormalization constants of the
operators (1,2), we define the following correlation func-

tions

— ) | )
faa(o, ) = ~a® 3D (0B g yhelm)
. ' Y,z ' ’

Jag ($0:P1) =.’“a6 Z e,ip'(y_z)<z tr{Fy1, (X)Fé2] (X)}E(Y)%C(Z))
Fula) = (@D p(@8{TiTsY)

Fog (o) = (3 tr{Fiy, () Fypy () }r {T T })

L - ’ _ J

m  Moreover, in order to remove the effects introduced by the

sources, we define the two auxiliary correlation functions

pu—

fi= G Z (E’(U)VSC'(Y)E(Y).’YE,C(Z))

u7v3y?z

T
Gr = (55,

168 ' Brookhaven, 18-22 March 2002

i



st renormalization conditions

Renormalization conditions are given on the normalized cor-

relation functions:

h(ﬂ)

QQ’!M =1/L = Tlgq »

h@!u—l/ﬁ - hég)ﬁ

figglu=1/1 :_.@

hgiqi,&&:l/ﬁ =0

where

h’aﬁ — jf_{, ZQ’Yh@W

Y=4:9

Expanding such conditions in powers of gq, it is possible

to express the renormalization constants in terms of the

perturbative expansion of the correlations:

Z(g)(ph@ﬂ}:’ f@%) g)_%;@fé .U(;)
TLOL) gD f9 ame T 20
| (1) |
(1) Zo G . Jygq
2 (2s) =Ly
a9
(1)
1 Tg 4 . qg
Zéq) (p];?E? E} - """“'ZTOT)"
aq
a9 9 o) ' {0
NP R 2ep )
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Baryons in Partially Quenched QCD
Martin J. Savage : University of Washington

As lattice calculations are presently performed with quark masses that are significantly larger than
those of nature, a rigorous procedure is required to allow for an extrapolation in the quark masses. In QCD,
chiral perturbation theory (xPT) has been studied for the last thirty years or so. It is a double expansion
in the external momentum and the light quark masses, mg, about the SU(2);, ® SU(2)g chiral symmetry
limit of QCD. The pseudo-Goldstone boson sector has been studied in great detail, with order O(p*)
calculations routine and some have been performed at order O(p®). The power counting for this sector is
well understood with m, ~ p?, and the expansion is in powers of p?. Heavy-Baryon-xPT (BHxPT) [1]
has been developed to compute observables involving one baryon. The power-counting is a little more
involved with the appearance of v*, the four-velocity of the heavy baryon. The expansion for this theory
is in powers of p, and converges more slowly than in the meson sector. As the A-resonances are only
~ 300 MeV more massive than the nucleons they must be included as a dynamical field in order to
describe processes with momentum up to A,, the chiral symmetry breaking scale. Progress has been made
in describing multi-nucleon systems [2], but this is far more complicated than the single nucleon sector.

The idea of partial quenching [3] is that the light quarks (valence quarks) are fully quenched by the
addition of bosonic quarks (ghosts). Sea-quarks are added with masses that are greater than or equal to the
valence masses. If they are equal to the valence masses then one recovers QCD. The utility of this scenario
is that the quenched valence quarks can be kept much lighter than the sea quarks, and thus increase
the speed of numerical simulations, which can be extrapolated to nature using partially quenched yPT
(PQxPT). The chiral symmetry group for the two-flavor theory (N; = 2) is SU(4]2); ® SU(4|2) g. Mesonic
observables had been studied previously and in works with Jiunn-Wei Chen and Silas Beane [4], I have
included the lowest-lying baryon octet and decuplet (or nucleon doublet and A-resonances for Ny = 2) into
PQxPT. Using the symmetry properties of an interpolating field for the nucleon we uniquely embedded
ghost- and sea- baryons into PQxPT so as to implement the addition of both ghost-quarks and sea-quarks.
We have computed baryon masses, magnetic moments, the matrix elements of isovector twist-2 operators
and axial matrix elements. In extending electromagnetism (or any external probe) from QCD to PQQCD
there is a freedom in the charge assignments of the ghosts and sea quarks. It is possible that by a suitable
choice of the charges will improve the extrapolation of lattice simulations. Beane and I realized that
the nucleon-nucleon potential will be modified at long-distances away from the QCD limit. The Yukawa
behavior of QCD is replaced by exponential fall off in PQQCD, and this may have significant impact on
efforts to extract properties of multi-nucleon systems form the lattice. Finally, the flavor-conserving parity
violation (PV) part of the standard model is poorly known and continues to be a focus of the nuclear
physics community. I believe that the only way to make any sort of meaningful comparison between the
future experimental determinations of hﬁ}li, n (the momentum independent PV nucleon-pion coupling) and
theory is to perform a lattice calculation of the relevant matrix elements.

References
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Non-perturbative renormalization in the finite box

Sinya Aoki
Institute of Physics, University of Tsukuba, Tsukuba, Ibaraki
305-8571, Japan

We have formulated the renormalization scheme in the finite
box for the domain-wall QCD. We have numerically tested this
scheme, showing not only that the scale independent renormal-
ization factors can be evaluated but also that the effect of the
explicit chiral symmetry breaking for DWQCD can be easily
estimated. We have then applied it to the calculation of the
non-perturbative renormalization factors for vector and axial-
vector currents in quenched DWQCD with both plaquette and
renormalization group improved actions. The dependence of
these renormalization factors on the domain-wall height M are
investigated in the wide range of bare gauge couplings.

Content
e Domain-wall fermion (DWF)
o Non-perturbative renormalization (NPR)
e DWQCD in the finite box
e Normalization from W'T identity
e Test of the method
e Results

e Conclusion



Domain-wall fermion (DWF) |
V | Kaplan, Shamir, Furman-Shamir
good chiral behaviour — good scaling behaviour |

By in DWQCD

B.(NDR, 2GeV) vs. m.a

q=1/a, 3-loop coupling, 5 points

0.9 . e :
O KS (non-invariant)
i < KS (invariant) ®
= DWF ®
0.8 | 1
|
0.7 | -
0.6 | .
0.5 1 L 1 L ) s L n A i
0.2 0.0 0.2 0.4 0.6 0.8 1.0
m_a
Y

CP-PACS collaboration

By = I8l = 5)d - 57,1 = 75)d| K°)
3 (K°157,075d]0) (0] 57,5| KO)

Perturbative renormalization
= one of the remaining uncertainties
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DWQCD in the finite box

Action on L3 x T x N,
Sr = 1(z,8)D(z,s;y,t)Y(y,t)

= (z,8), Y = (y,t): 5-dim. coordinates

D(X,Y) = (5~ M)éxy — DX(z y>5 — D°(s, )04y
D*z,y) = P_,U(z) uOy,otp + By U o
Progsy1 — myP R5s,Ns (s=1) | |
DS(S,t) = PL6t,s+1 + PRét,s—l (]. <8s <-N3)
——mfPLcSt,l + Prot,s — 1 (S = NS)

1

‘ 1
Py, = 5(1 + ), Prip = ’2‘(1 =+ 3)

Quark field
q9(z) = Pry(z,1) + Prip(z, N;

q(z) = P(z, No)Pr +9P(z,1)P

PL(S) = PL5s,1 -+ PR53,N3; PR(S) = PR53,1 -+ PL(SS,NS-

Boundary condition

m & _
I

P, =Py

- The choice of BC is not unique. This BC may not correspond to the
ordinary SF boundary in the continuum limit.
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Test of the method (quench at 8 = 6.0)

amy,, Vs. X,
8°x24xN, B=6.0 , M=1.8, m=0.0
0-015 ! I ' I ' I 4 | ' i ! ! ' | ' ! ' | ! ] ! | M
o - ’ .
0.01 i O -
0.005 | 57 @790 |
: o3 mi%§ %
ol TR CIRK:
- =
S 5
~0.005 L O N,=8(63 conf.) ‘_ _
< N,=16(100 conf.) .
------------ Mg, N=10
I : R Mg, Ns=20 -g
-0.01 I B PN IS Y USRS R VR S R P AT S !
0O 2 4 6 8 10 12 14 16 18 20 22 24

Xo

@ xg dependence is weak away from the boundaries

e Explicit breaking of chiral symmetry becomes smaller for
larger N

e Size of mawy is consistent with ms, from the conserved

current of DWQCD

® maw1 may be used as the measure of the explicit chiral
symmetry breaking (easier than ms,)
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Global parameterization

Zy(9°, M) = Ag+ Ap(M — Mo)® + Ag(M — M)t

162 4 1b2 4
A1=-+ 19° + c2g Ay — + 029° + c3g

14+a1g2 ° 72 1 + ayg?

1 1+b02+004

A4 = 29 MO = 7 2 J
1+ asg 1+ apg

with bl —a; = Al(l-IOOp), b() — ag = Mo(].-lOOp).

Plaquette action

Z,vs. M

8°16x16 m=0.0

1.6




RG improved action

Z,vs. M
8°x16x16 m;=0.0

1.6 ¥ 1 . T ’ T ! I

14t

\]

Q)

1.2 [Op=22
|0 B=2.4 ’
oB=26 X\
LA B=2.9 :\:
1} p=32 )
r<1pB=3.6 NG
> B=4.1
A P=4.7
0.8 T B=64
0 3=8.85
<O B=21.0

' J .

0.6 . : [ ! L
02 04 06 08 1
M

Conclusions

o Zy 4 for DWQCD is non-perturbatively determined in

the finite box

e the explicit chiral symmetry breaking of DWQCD can be

investigated at mra = 0 in this method

e the modified boundary condition for DWF should be
invented for scale dependent renormalization factors of

quark mass and By
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Introduction

- There are several reasons to feel dissatisfied with conventional
lattice perturbation theory. One-loop results are not good enough
at the couplings which we use in practice. Their usefulness can
be improved somewhat by "tadpole improvement” as suggested
by Lepage and Mackenzie (Phys. Rev. D 48, 2250-2264 (1993)),
-but the perturbative result is still not very predictive unless you
have higher loop results.

In some ways we are even making negative progress. A
one loop calculation for clover fermions is several times more
complicated than a one loop calculation for Wilson fermions. Since
the rediscovery of Ginsparg-Wilson fermions, lattice actions are
becoming much more complicated, and much less standardised.

One possibility is the "Nonperturbative 'lattice perturbation
theory’” of hep-lat/9412100 (Dimm, Lepage and Mackenzie),
using Monte-Carlo calculations at very high 3 to find perturbative
coefficients (for the current state of this approach, see Trottier,
Shakespeare, Lepage and Mackenzie, hep-lat/0111028).
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The approach | want to talk about today is stochastic
perturbation theory, using Langevin dynamics to generate
perturbation series. This was pioneered by an ltalian group,
for an early paper see Di Renzo et. al., " Four loop result in SU(3)
lattice gauge theory by a stochastic method: lattice correction
to the condensate”, Nucl.Phys.B426:675-685,1994. In the years
since, they have extended this calculation up to 10 loops, "A
consistency check for renormalons in lattice gauge theory: g1
contributions to the SU(3) plaquette”, hep-lat/0011067.

| want to show that by combining the tadpole improvement /
boosted perturbation theory idea of Lepage and Mackenzie with
the stochastic perturbation theory techniques of the ltalian group
one can get results with the precision to answer longstanding
questions, and that the combined technique has a promising
future.
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Discretisation of Langevin time
Replace differential equation with a difference equation.
Error proportional to a power of the time-step e.

| use a Runge-Kutta method (similar to Drummond +
Horgan). Errors proportional to €.

Several € values, extrapolate to ¢ = 0.
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